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USES OF TfflOREDOXIN 
1 . BACKGROUND OF INVENTION 

The present invention generally relates to the use of thioredoxin as, inter alia^ 

a cell growth stimulator, as well as a screen for agents that are useful in reducing or 

eliminating thioredoxin-associated apoptosis inhibition and agents that are useful in 

inhibiting thioredoxin stimulated cell growth. 

Thioredoxin is a low molecular weight (M^ 1 1,000 - 12,000) redox protein 

found in both prokaryotic and eukaryotic cells. (Holmgren A., J Biol Chran 

264:13963-13966 (1989)), that undergoes reversible thiol reduction by the NADPH- 

depacident enzyme thioredoxin reductase. Human thioredoxin, which has 5 cysteine (Cys) 

residues, is a 1 1 .5 kDa protein with 27% amino acid idratity to E. coli thioredoxin. Human 

thioredoxin contains 3 additional Cys residues not found in bacterial thioredoxin that give it 

unique biological properties. (Gasdaska FY, et al., 1218:292-296 (1994)). Cys32 and Cys35 

are the conserved catalytic site cysteine residues that undergo reversible oxidation to cystine. 

Cys92, Cys69 and Cys73 are found m mammalian but not in bacterial thioredoxins. Cys73 

appears to be particularly important for maintaining the biological activity of thioredoxin in 

an oxidizing environmmt Thioredoxin reduces a variety of intracellular proteins including 

enzymes such as ribonucleotide reductase which is important for DNA synthesis, and critical 

Cys residues in transoiption factors such as NF-kB, AP-1 and the glucocorticoid receptor, 

thus, altering their binding to DNA. In addition to its intracellular actions, human 

thioredoxin has remarkable extracellular cell growth stimulating properties. It has been 

reported (Gasdaska FY, et al., 1218:292-296 (1994)) that thioredoxin is identical to a growth 

factor reported to be secreted by human HTLV-1 transformed leukemia cell lines (Fox JA, et 

al., Proc. Nati Acad Sci USA 84:2663-2667 (1987)). It has also been found that human 
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recombinant tfaioredoxin will stimulate ttie growth of a wide variety of fibroblast and human 
solid tumor cell lines in culture (Gasdaska JR, et al. Cell Growth Differ 6: 1643-1650 (1995); 
Oblong JE, et al. J Biol Chem 269:1 1714-1 1720 (1994)). E. coli thioredoxin does not 
stimulate cell proliferation. 

Thioredoxin was first studied for its ability to act as reducing co-factor for 
ribonucleotide reductase, the first unique step in DNA synthesis. (Laurent TC, et al., J Biol 
Chem 239:3436-3444 (1964)). More recently thioredoxin has been shown to exert redox 
control over a number of transcription factors modulating their binding to DNA and thus, 
regulating gene transcription. Transcription fectors regulated by thioredoxin include NF-kB 
(Matthews JR, et al., Nucl Acids Res 20:3821-3830 (1992)), TFHIC (Cromlish JA, et al., J 
Biol Chem 264:18100-18109 (1989)), BZLFl (Bannister AJ, et al. 6:1243-1250 (1991)), the 
glucocorticoid receptor (Grippo JF, et al. J Biol Chem 258:13658-13664 (1983)) and, 
indirectly through a nuclear redox fiactor Ref-l/HAPE, thioredoxin can regulate AP-1 
(Fos/Junheterodimer) (Abate Cetal. Science 249:1157-1161 (1990)). Thioredoxin is also a 
growth factor with a unique mechanism of action. 

Human thioredoxin has been sequenced and cloned. (Gasdaska PY, et al., 
1218:292-296 (1994); Deiss LP, et al.. Science 252:1 17-120 (1991)). It has been shown that 
the deduced amino acid sequence of tfaioredoxin is identical to that of a previously known 
protein called eosinophil cytotoxicity stimulating factor (Silberstein DS, et al., J. Biol Chem 
268:9138-9142 (1993)) or adult T-cell leukemia-derived factor (ADF) (Gasdaska PY, et al., 
121 8:292-296 (1994)). ADF has been reported to be secreted by virally transformed 
leukemic cell lines and to stimulate their growth (Yodoi J, et al., Adv Cancer Res 57:381-41 1 
(1991)). These observations have been extended to show that human recombinant thioredoxin 
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stimulates the proliferation of both noimal fibroblasts and a wide variety of hiuiian solid and 
leukemic cancer cell lines. (Gasdaska JR, et al. Cell Growth Differ 6:1643-1650 (1995); 
Powis G, et al., Oncol Res 6:539-544 (1994); Oblong JE, et al. J Biol Chem 
269:1 1714-1 1720 (1994)). It has been shown that thioredoxin stimulates cell proliferation by 
increasing the s^tivity of the cells to growth factors secreted by the cells tfarafiselves. 
(Gasdaska JR, et al. CeU Growth Differ 6:1643-1650 (1995)). 

Recombinant modified thioredoxins, otherwise called mutant thioredoxins, 
have been developed, but no indications of uses were known in the art for any particular 
mutant form. In a wild type thioredoxin, the cysteine (Cys) residues at the conserved -Cys^^- 
Gly-Pro-Cys^^-Lys active site of thioredoxin undergo reversible oxidation-reduction 
catalyzed by the NADPH-dependent flavoprotein thioredoxin reductase. (Luthman M , et al., 
21 :6628-6633 (1982)). It has been reported tihat mutation of the active site Cys32 and Cys35 
residues to serine (Ser) residues, either singly or together (C32S/C35S thioredoxin), results in 
a compound that is redox inactive (i,e., it is not a substrate for reduction by thioredoxin 
reductase) and that does not stimulate cell prohferation (Oblong JE, et al. J Biol Chem 
269:11714-11720(1994)). 

Thioredoxin mRNA has been foimd to be over expressed by some human 
tumor cells (Gasdaska PY, et al., 1218:292-296 (1994); Grogan T, et al.. Cancer Res (1997, 
in press)) and since it is secreted fix)m cells by a leaderless secretory pathway (Rubartelli A, 
et al., J Biol Chem 267:24161-24164 (1992)) it could be a growth factor for some human 
cancers (Gasdaska JR,etal. Cell Growth Differ 6:1643-1650 (1995)). However, the 
mechanism for cell growth stimulation by thioredoxin mRNA has been examined and found 
not to promote cell growth. Recombinant human thioredoxin is not taken up by cells and 
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does not bind to high a£Gnity ceU surface recq)tors but £4)pears to enhance the sensitivity of 
cells to endogenously produced or other growth factors^ a mechanism termed voitocrine 
(Greek, voithos = helper) (Gasdaska JR, et al. CeU Growth Differ 6: 1643-1650 (1995)). 

The in vitro cell growth stimulating activity of human thioredoxin has been 
previously reported for human lymphoid and solid tumor cancer cells (Gasdaska JR, et al. 
Cell Growth DiflFer 6: 1643-1650 (1995); Oblong JE, et al. J Biol Chem 269:1 1714-1 1720 
(1994)) and for mouse fibroblast cells (Oblong JE, et al. J Biol Chem 269:1 1714-1 1720 
( 1 994)). The production of a Cys73-^Ser mutant thioredoxin has been previously reported. 
In one study it did not act like wild-type thioredoxin as a component of a complex cell 
growth stimulating factor called "early pregnancy factor" (Tonissen K, et al., J Biol Chem 
268:22485-22489 (1993)). In another study it was reported that Cys73^,Ser mutant 
thioredoxin did not form a dimer, but cell growth stimulating activity by the mutant 
thioredoxin was not investigated in this study (Ren X, et al., Biochem 32:9701-9705 (1993)). 
However, the ability of the Cys73-^Ser mutant and other mutant thioredoxins to stimulate 
cell proliferation has not been reported. There have been no prior reports of administration of 
mutant thioredoxins in vivo. 

It has been known that certain human tumor cells were found to over-express 
thioredoxin mRNA compared to normal lung tissue fix>m the same subject. (Gasdaska PY, et 
al., 1218:292-296 (1994)). It has also been known that human primary colorectal tumors have 
exhibited elevated levels of thioredoxin mRNA compared to normal colonic mucosa 
(Berggren M, et al.. Anticancer Res 16:3459-3466 (1996)). It has not been known that 
thioredoxin protein was present in certain human tumor cells, and it has not been known that 
thioredoxin protein played any role in preventing or enhancing tumor cell growth. 
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E> 

While thioredoxin itself is known, its use in identifying agents that inhibit cell 
growth stimulated by thioredoxin has not been previously shown. 

Human thioredoxin reductase has been characterized as a protein (Oblong JE, 
et al., Biochem 32:7271-7277 (1993)). In addition, the general properties and the cDNA base 
sequence of human thioredoxin reductase is known in the art. However, it has not been 
disclosed or suggested in the art that thioredoxin reductase be used as an anti-tumor drug 
target. 

The myelodysplastic syndromes (NfDS) are a heterogeneous class of life 
threatening diseases characterized by inefifective henatopoiesis and progressive, reractory 
cytopenia (List AF, et al. J Clin Oncol 8:1424-1441 (1990)). Transformation to acute 
leukemia may occur in one-third of the patients. The underlying defect is decreased 
multilineage progenitor cell growth associated with decreased sensitivity to growth factor 
stimulation (Merchav S, et al. Leukemia 5:340-346 (1991) ). Very high doses of recombinant 
granulocyte-macrophage colony stimulating fiictor (GM-CSF) and recombinant human 
granulocyte colony stimulating factor (G-CSF) can ameliorate neutropenia but do not 
improve red blood cell or platelet function (List AF, et al. J Clm Oncol 8:1424-1441 (1990)). 
Although IL-3 displays multilineage progenitor stimulatory effects in normal marrow clinical 
trials have shown limited ability to improve hematopoiesis in MDS (List AF, et al.. Blood 82 
(Suppl. l):377a (1993)). Thus, current treatment for MD is limited by the abihty of cytokines 
to stimulate hematopoietic progenitor cells and the decreased sensitivity of these cells to 
growth factors. 



2. 



SUMMARY OF THE INVENTION 



W09JW4472 ^ ^f^mnxm 

The present invention relates to the use of tfaioiedoxin as, inter alia, a cell 
growth stimulator, as well as a screen for agents that are useful in reducing or preventing 
thioredoxin-associated apoptosis inhibition in tumor cells and agoits that are useful in 
inhibiting thioredoxin stimulated growth of tumor cells. 

A non-limiting embodiment of the invention involves a method of inhibiting 
tumor cell growth in a tumor cell that over-e3q)resses flrioredoxin comprising contacting said 
tumor cell with a cell growth inhibiting effective amount of an inhibitor of thioredoxin 
expression. Such agents can include, inter alia, small molecular compounds that complex 
witti and interfoe with the biological action of tiiioredoxin, preforably those tiiat complex 
with active Cys residues, antisense inhibitors of thioredoxin expression, antibodies, or 
inhibitors of nucleic acid expressioiL 

A fiirtfa^ non-limiting embodiment of the invention involves a method of 
reducing inhibition of sqpoptosis in tumor cells that ovor-express tiiioredoxin comprising 
contacting said tumor cells with an effective amount of an agent that inhibits tiiioredoxin. 
Such agents can include, inter alia, antibodies to tiiis redoxin, compounds tiiat inhibit the 
activity of fliis redoxin, preferably tiiose ttiat inhibit ttie activity of active Cys residues in tfie 
protein, cross-linking agents and the like. 

A furttira- non-limiting embodiment of tiie invention involves a method of 
identifying an agent tiiat inhibits timior cell growtii in cells tiiat over-express thioredoxin 
comprising measuring tiiioredoxin expression or activity in a first sample of said cells; 
contacting a second sample of said cells witii an agent to be tested; measuring expression or 
activity of tiiioredoxin in said second sample; comparing expression or activity of tiiioredoxin 
in said first sample and said second sample; whereby a decrease in expression or activity of 
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fhioredoxin in said second sample is indicative of an agent that inhibits tumor ceil growth. 

A further non-limiting embodiment of the invention involves a method of 
identifying an agent that reduces inhibition of apoptosis in a tumor cell that ovCT-expresses 
thioredoxin comprising measuring thioredoxin expression or activity in a first sample of said 
cells; contacting a second sample of said cells with an agent to be tested; measuring 
expression or activity of thioredoxin in said second sample; comparing expression or activity 
of thioredoxin in said first sample and said second ^dknple; whereby a decrease in expression 
or activity of thioredoxin in said second sample is indicative of an agent that reduces 
inhibition of apoptosis. 

A fiirther non-Umiting embodiment of the invention involves a metiiod of 
identifying an agent that reduces thioredoxin mduced inhibition of apoptosis in a tumor cell 
growth. 

A fiirther non-limiting embodiment of the invention involves a method of 
stimulating cell growth comprising introducing a nucleic acid encoding a human thioredoxin 
having Ser at amino acid reside 73 under conditions whereby said nucleic acid is expressed. 

A fiirther non-limiting embodiment of the invention involves a composition 
comprising an agent that is usefiil in reducing or eliminating thioredoxin-associated apoptosis 
inhibition and an acceptable carrier. 

A fiirther non-limiting embodiment of the invention involves a composition 
comprising an agent that is usefiil in inhibiting thioredoxin stunulated cell growth and an 

acceptable carrier. 

The present invention is based, at least in part, on the discovery that 
thioredoxin protein is over-expressed in certain human tumor cells; tiiat thioredoxin 
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Stimulates the growth of cancer cells; that thioredoxin inhibits ^optosis; that thioredoxin is 
over-expressed in some human primary tumors and is correlated with increased tumor cell 
growth and decreased ^optosis; and that agents that inhibit thioredoxin also have anti-tumor 
activity. 

The present invention involves the new uses of thioredoxin, thioredoxin 
reductase, and mutant forms of thioredoxin for use in screening for anti-tumor agents. It has 
not been known in the art to use thioredoxin and/or thioredoxin reductase in a screening assay 
for anti-thioredoxin and/or anti-thioredoxin reductase agents for use as anti-tumor 
compounds. 

The present invention further relates to the use of thioredoxin and/or 
thioredoxin reductase antibodies for use as anti-tumor agents. 

The present invention further relates to the use of anti-s^e thioredoxin or 
anti-sense thioredoxin reductase compounds for use as anti-tumor agents. 

The present invention fiirtfaer relates to the use of thioredoxin nucleic acid 
probes and/or thioredoxin antibodies in a diagnostic assay for certain cancers. 

The present invention further relates to the use of thioredoxin as a target for 
agents to be used in combination with existing and new treatment therapies, such as drugs 
and radiation, that reduce or prevmt the thioredoxin-induced inhibition of apoptosis in tumor 
cells or to increase the sensitivity of tumor cells to these modaUties. 

In addition, mutant forms of thioredoxin provide proteins with additional 
growth stimulating activity. 

These and still further objects as shall hereinafter appear are readily fulfilled 
by the present invention in an unexpected manner as will be readily discerned fiom the 
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following detailed description of the preferred mbodimrats of the invention, especially when 
read in conjunction with the accompanying drawings. 

In contrast to the present invention, none of the above cited references teach or 
suggest the use of thioredoxin protein according to the claimed invention. 

3. BRIEF DESCaUPnON OF THE DRAWINGS 

Fig. 1 shows a chart that illustrates the stimulation of human bone marrow 
colony formation by Cys73-^Ser mutant thioredoxin in accordance with the present 
invention, wherein the effects of Cys73->Ser thioredoxin on colony formation are shown by 
(o) multiUneage progenitors (CFU-GEMM); (•) erythroid progenitors CBFU-E); and (V) 
myeloid progenitors (CFU-GM), measured over 10 days as described. (Values represent the 
mean of 4 determinations and bars represent S J>.) 

Fig. 2 sliows a chart that illustrates potentiation of IL-2 induced MCF-7 breast 
cancer cell growth by Cys73->Ser mutant thioredoxin in accordance with the present 
invention, wherein cells were growth arrested for 48 hr in medium with 0.5% serum (10^ 
cells) then stimulated in the absence of medium with either IL-2 or Cys32-»^Ser mutant 
thioredoxin at tfie concentrations shown and cell number was measured after 48 hr. (Each 
point represents the mean of 3 detemiinations and bars represent S.E., and the dotted line 
shows stimulation by 10% serum.) 

Fig. 3 shows a chart that illustrates the mhibition of thioredoxin stimulated 
MCF-7 cell growth by receptor antibodies in accordance with the presrait invention, wherein 
cell proUferation was measured as described in Fig. 2; the concentrations of agents used were 
Cys73-^Ser mutant thioredoxin (Thioredoxin) 1 jiM, monoclonal antibodies to FGF receptor. 
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IL-2-receptor and EGF-receptor 4 jig/ml, and EGF 1 0 nM; and the EGF and EGFR were 
added as a negative control. (Values represent the mean of 3 determinations and bars 
represent S.E., and the dotted line shows the effect of 10% serum alone.) 

Figs. 4A-B illustrate comparative charts showing the effects of fhioredoxin 
and C32S/C35S cDNA transfection on proliferation of MCF-7 cells. In Fig 4A, 3 x 10^ cells 
were plated in 3.8 cm^ plastic culture dishes m DMEM with 10% fbs and cell number 
measured 7 days later. In Fig. 4B, 10* ceUs were plated in 2 cm^ wells containing soft 
agarose and colonies measuring >60 microns counted 7 days later. (Control, the Neol vector 
alone transfected MC3^-7 cells; Thioredoxin 9, Thioredoxin 12, and Thioredoxin 20, MCF-7 
cells transfected with human Thioredoxin cDNA; Serb 4, Serb IS, and Serb 19, MCF-7 cells 
transfected with C32S/C35S cDNA. Values are the mean of 3 detemiinations and bars are 
S.E. **indicates p <0.01 compared to vector-alone transfected ceUs.) 

Figs. S to 27 are briefly described in the text accompanying the respective 

figure. 

4. DETAILED DESCRIPTION OF THE INVENTION 

All of the various publications cited in the present specification, including 
those publications that are referenced by a numeral contending to the citation listed 
tihiereafter, are incorporated by refermce in their entireties. 

4.0 DEFINITIONS 

In order that the invention herein described may be fiiUy understood, the 
following definitions are provided: 
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"T^ucleotide" means a monomelic unit of DNA or RNA consisting of a sugar 
moiety (pentose), a phosphate, and a nitrogenous heterocyclic base. The base is linked to the 
sugar moiety via the glycosidic carbon (1* carbon of the pentose) and that combination of 
base and sugar is called a **nucleoside". The base characterizes the nucleotide. The four 
DNA bases are adenine ("A"), guanine ("C), cytosine ("CO, and thymine CT'). In RNA 
uracil ( ^U") substitutes for T. In double stranded molecules, an A on one strand pairs with 
T(U) on the other, and G with C. As is conventional for conv^ence in the structural 
representation of a DNA nucleotide sequence only one strand is shown in which A on one 
strand connotes T on its complement and G connotes C. DNA comprises deoxyribose as the 
sugar while RNA comprises ribose. 

"Amino acids" are shown either by a three letter or one letter abbreviation as 

follows: 

Abbreviated Designations AmnQ Acid 



A 


Ala 


Alanine 


C 


Cys 


Cysteine 


D 


Asp 


Asparticadd 


E 


Glu 


Glutamic acid 


F 


Phe 


Phenylalanine 


G 


Gly 


Glycine 


H 


His 


Histidine 


I 


ne 


Isoleucine 


K 


Lys 


Lysine 


L 


Leu 


Leucine 


M 


Met 


Methionine 


N 


Asn 


Asparagine 


P 


Pro 


Proline 


Q 


Gin 


Glutamine 


R 


Arg 


Arginine 


S 


Ser 


Serine 


T 


Thr 


Threonine 


V 


Val 


Valine 


W 


Tip 


Tryptophan 
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Y Tyr Tyrosine 
*T)NA Sequence" means a linear array of nucleotides connected one to the 
other by phosphodiester bonds between the 3' and S* carbons of adjacent pentoses. 

"Codon" means a DNA sequence of three nucleotides (a triplet) which 
encodes through mRNA an amino acid» a translation start signal or a translation termination 
signal. The code however^ is degenerate, with some amino acids being encoded by more than 
one triplet codon. For example, the nucleotide triplets TTA, TTG, CTT, CTC, CTA and 
CTG all encode the amino acid leucine C*Leu")» TAG, TAA and TGA are translation stop 
signals and ATG is a translation start signal. 

*Troteins", **peptides" and '^oly pq)tides" are composed of a linear array of 
amino acids connected one to the other by peptide bonds between the alpha-amino and 
carboxyl groiq3s of adjacent amino acids. 

"Genome" means the entire DNA of an organism, cell or a virus. It includes, 
inter alia, the structural genes coding for polypeptides, as well as regulatory regions 
including operator, promoter, terminator, enhancer and ribosome binding and interaction 
sequences. 

""Gene" means a DNA sequence which encodes through its template or 
messenger KNA ('"mRNA") a sequence of amino acids characteristic of a specific 
polypeptide. 

"cDNA" means a complementary or copy DNA prepared by using mRNA as a 
template for synthesizing the first strand of DNA using reverse transcriptase, an appropriate 
oUgonucleotide primer and a mixture of nucleotides. 

'"PGR" means a polymerase chain reaction whereby a specific DNA sequence. 
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either genomic or cDNA, can be preferentially amplified by the enzyme Taq polymerase 
using synthetic, oligonucleotide sense and antisense primers, (which specify a target 
sequence), a mixture of nucleotides and a temperature thermocycling regime which allows 
sequential denaturing, annealing and synthesis of the target DNA between the primers. 

^Transcription" means the process of producing mRNA from a gene or DNA 

sequence. 

'Translation" means the process of producing a polypeptide from mRNA. 
"Expression" means the process undergone by a gene or DNA sequence to 
produce a polypeptide and comprises a combination of transcription and translation. 

'Tlasmid" or ^^hagemid" means a nonchromosomal double-stranded DNA 
sequence comprising an intact "rq)hcon" such that the plasmid is rephcated in a host cell. 
When the plasmid is placed within a unicellular organism, the characteristics of that organism 
may be changed or transformed as a result of the DNA of the plasmid. For example, a 
plasmid carrying the gene for ampicillin resistance (AMP^) transforms a cell previously 
sensitive to ampicillin into one which is resistant to it. A cell transformed by a plasmid is 
called a 'Hransformant". 

'^Recombinant DNA Molecule" or 'Hybrid DNA" means a molecule 
consisting of segmrats of DNA from dififerent genomes which have been joined end-to-end 
outside of living cells and able to be maintained in living cells. 

"Apoptosis" is progranuned cell death activated by a genetic program to 
implement a series of events that cause the death and disposal of a cell. This is in contrast to 
cell death occurring by necrosis, usually as a result of injury to the cell. 

"Oncogene" is a gene that encodes a protein able to transform cells in culture 
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to induce cancer in animals. 

"Over-expressiorf* in the context of determining over-expression of 
thioredoxin or recombinant modified thioredoxin is characterized by a two fold increase or 
more of the levels of diioredoxin or recombinant modified thioredoxin in a target sample 
compared with a control sample. 

The following abbreviations may be used throughout the disclosure: 

"C32/C35S'' = Cys^^ Ser^^ / Cys^^ Sei^^ 

*T)Tr' = difliiothreitol 

*TBS'' = Fetal bovine serum 

••NEM" = N-ethyhnaleunide 

"Scid" == Severe combined immunodeficient 

'Trx" = thioredoxin 

4.1 USE OF TfflOREDOXnsr AS AN ONCOGENE 

In a non-limiting embodiment of the present invention, NIH 3T3 cells 
tiansfected with human thioredoxin DNA that has bem directed to the nucleus of the cells by 
a nuclear localization signal causes malignant transfomiation of the cells. 

In a fiirtiher non-limiting embodiment, stable transfection of mouse WEHI7.2 
lymphoid cells with human thioredoxin DNA has been shown to inhibit apoptosis mduced by 
a variety of agents including glucocorticoid, N-acetylsphingosine, staurosporine, thapsigargin 
and etoposide, which is similar to the pattem of inhibition of apoptosis caused by the anti- 
apoptotic oncogene bcl-2 in these cells. The thioredoxin transfected WEHI7.2 cells form 
tumors in scid mice that grow more rapidly and show less spontaneous apoptosis than 
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vector-alone or bcl'2 transfected cells, and are resistant to growth inhibition by 
glucocorticoid. Therefore, the thioredoxin gene acts as an oncogene according to the 
standard definition of an oncogene: a gene that encodes a protein able to transform cells in 
culture or to induce cancer in animals (Lodish H, et al., Cancer. In: Lodish H, Baltimore D, 
Berk A, Zipurdcy SL, Matsudaira P, Darnell J, eds. Molecular Cell Biology. New Yoric: 
Scientific American Books, pp.1258 (1995)). 

' In a further non-limiting ^bodiment, the thioredoxin gene offers an increased 
survival advantage as well as a growth advantage to tumors in v/vo, unlike the known anti- 
apoptosis oncogene bcl-2 which offers only a survival advantage and requires other genetic 
changes for tumor growth (McDonnell TJ, et al.. Nature 349:254-256 (1991)). 

4.2 TfflOREDOXIN IS OVER-EXPRESSED IN CERTAIN HUMAN TUMOR CELLS 

It has been discovered that thioredoxin DNA is over>expressed in certain 
human tumor cells resulting in the over production of thioredoxin. According to a technique 
for reproducibly retrieving antigens for immunohistochemical studies fcom archived paraffin, 
human tissue pathology samples were embedded and used it to study thioredoxin protein 
levels with a panel of human primary gastric carcinoma tissue samples, it has been found that 
thioredoxin is present in dividing normal basal crypt cells. It has been further learned that, as 
the cells dififCTentiate and move down the villi to eventually be shed into the gastric lumen, 
thioredoxin levels decrease. By stably transfecting murine NIH 3T3 fibroblast-like cells and 
human MCF-7 breast cancer cells with cDNA for human wild-type thioredoxin or with 
cDNA for a redox-inactive mutant thioredoxin, it has been found that transfection with 
thioredoxin increases the density to which the NIH 3T3 cells grow in culture and stimulates 



anchorage-independent colony fonnation by MCF-7 breast cancer cells. The redox-inactive 
mutant thioredoxm acted m a dominant-negative manner, so that transfected MCF-7 cells 
showed inhibited growth and a reversal of the transfonned phenotype, assessed by growth in 
vitro and in vivo. 

It has been shown that stable transfection of mouse NIH 3T3 normal 
embryonic cells witti human thioredoxin cDNA increases fheir growth rate and cell saturation 
density in culture (normal NIH 3T3 cells are highly contact inhibited) which is in vitro 
evidence of transformation. It has also been shown that transfection of MCF-7 human breast 
cancer and HT-29 human colon carcinoma cells with human thioredoxin cDNA increases 
their colony formation in soft agarose and tumor growth by HT-29 colon cancer cells when 
the cells are inoculated into immunodeficient (scid) mice. 
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Tn was originally studied for its ability to act as a cofactor for 
ribonucleotide reductase, the first unique step in DNA synthesis (I). 
Human Trx was subsequently shown to modulate the DNA binding of 
several transcription facton that regulate cell proliferacton. including 
nuclear faaor icB (2)* the glucocorticoid receptor (3), and. indirectly 
through the nuclear redox protein Ref-l. activator protein- 1 (Fos/Jun 
hetcrodimcn Rcf. 4). Ooning and sequencing of human Trx have 
shown that it has a predicted amino acid sequence (5. 6) identical to 
that of a growth factor secreted by virus-transformed leukemic cell 
lines, termed adult T-cell leukemia-derived factor (7, 8). Human Trx. 
but not baaerial Trx. added to the culnire medhim stimulates the 
growth of a variety of normal and cancer cell lines (8-10). The addec 
Trx is not taken up by cells ( 1 1 ) and appears to stimulate cell growtt 



by enhancing the acuon of other growth factors (II, 12). The redo\ 
activity of Trx is required for growth stimulation, and redox-inaaive 
mutant Trxs do not stimulate cell growth ( lOV 

Trx mRSA levels are increased compared with corresponding 
normal tissue in almost half human primary lung (5) and colon tumors 
examined (13). Trx protein has been reported to be increased in 
human cervical neoplastic squamous epitheliaJ cells lU) and hepato- 
cellular carcinoma (15 1. Trx is excreted from cells (16-18) using a 
leadcrless secretory pathway (17), and we have suggested that Trx 
might be a growth factor for some human canccn (ID. However, it 
remains lo be unequivocally demonstrated that cndogcnously pro- 
duced Trx can affect cell proliferation. The role Trx plays in the 
transformed phcnotype of cancer cells also is not known. 

To provide some answers to these questions, we have subly irans- 
fectcd murine NIH 3T3 fibroblast-like cells and human MCF-? breast 
cancer cells with cDNA for human wild-type Trx or with cDNA for 
a redox-inactive mutant Trx. We have found thai inmsfcction with Trx 
increases the density to which the NIH 3T3 cells grow in culture and 
stimuiaies anchorage-independent colony formation by MCF-7 breast 
cancer cells. The redox-inactive mutant Trx acted in a dominant- 
negative manner, so that transfected MCF-7 cells showed inhibited 
growth and a reversal of the transformed phenocype. assessed by 
growth in viiro and in vivo. 
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iMATERULS AND METHODS 

Human wiU*iype In cONA and cDNA forC32/C3SS rcdox*inacttve Trx. 
in which both activ«-stte cysteine ftstdues m replaced hy serine 1 10). were 
p repar ed as described previously (5. 10), The cDNAs were cioned into* either 
the KptA or Sacl sites of the pRXneo manunaiian transfection vector, under 
constiiiiiive cooirol of dw Rous sarcoma virus pcoAioior ( 19). or into die Sotl 
site of die pDC304neo mammalian transfection vector, in which constitutive 
eipressioa is driven by die cytomegalovirus and SV40 promoters i20). Correct 
oriemabon of die cDNAs in die vecton was confirmed by restriction digestion. 
The pRXneo and pOC304neo vectors were obtained from Dr. Roger Miesfeld 
(Univcnity of Ariaona. Tucson. AZ). 

Human MCF-7 breast cancer cells and murine NtH 1T3 cells were obutned 
from die American Tissue Type Collection tRockville. .MD). matntatned in 
DMEM containing FBS under 6<t CO* at 37"C. and passaged before 
confluence. NtH 3T3 cells were transfected widi TrxrpRXneo. Tn: 
pDC304neo. a2S/C3SS;pD004neo. or pRXneo aiooe. MCF-7 cells were 
transfected widi Tnt:pDC3MMO. C32S/C3SS:pDC304neo. or pDC304neo 
alone. Transfection used liposomes of .V-(t.l3-dioleolyl)propyl|*iV.A^.M*crim* 
ethylanunoniummedtylsulfate iBoehringer Marmheim. In dia n apolis. IN) ac* 
coidliig to die manufactuier's instructions. Cells were selected by growing for 
4 weeks in DMEM wtdi 1 0^1 FBS and 400 Mg/ml C4I8 sulfate lUfe Tech- 
nolog«. Gaidiersburg, MD). Cell colonies were isolated by trypsinizatign 
onto small squares of sterile filter paper and expanded by growing in die ^ame 
medium. All studies were conducted on clonal cell lines between passages 3 
and la 

Nordieni hvbridizaiion analysis of Trx and C32S/C35S mRNA used a 
fulMcngdi lo-'-PldCTP-labeled human Tnt cDNA probe described previ- 
ously I3>. and die blots were quantified using a Phosphorlmager (Molecular 
Dynamics. Sunnyvale. CAi. Transfected Tn and C32S/C35S mRNA le\els 
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Hf. 1 Eftais of inmtettnii with Tn or a2SC3SS cOMA m 
crils. Cetts were plaied in piatttc dishes at a demiif of 2 X lOf* ceilafenr 
1 0<«' FBS and cell nunber meaMncd duly. NcoC vector alone-Banstacd cells. The 
i.ttt die number ofcettsateday 3 isdye todetKhmsmof ceflsfiromthe 
. and Thtoh. ThioAD. and ThioAceUs ttittslecied widi Tn cONA: 
□ and&NIHBHaad.VIKBF cdb msteied widi C3SC3SS cONA VafaHsmdM 
fliann of three deuiiuinaiions: ban, SE, ; F < OM cinnp a red widi vccw alone- 
I eella^ shown for days 3 and 4 only. The mdy is typical of dove icpcai 



PCTAJS97/22292 



^uk»y iMmaiUKi bv MCF • ceiU was. laoMirtil wf Ju- j|a 
OMEM anU \vn FBS .ncr * Ja>v x% UMiM pre*iou>Jy illi. Gnwih m 
cdU on ptaioic Mirt3cr> v^itn DME.M jod HKl FBS wa* nwaMiicd ilail> lor 
MlH-rn cdl> over 4 4tt>% and lor MCF-7 cdb o*er 7 Uayv. ilr<nM 
tweiiomly i^-l- Ml lcH jmi ih muhr. -nrr nrnj""**' jh^^maf C4IX 

SIltfKC. 

Tumor t'oniiatiiM b> tnnst'ecteil NIH TT3 cdb was stulicii toy the vc. 
iaiccmm of 1 0' muicctcd eel b in a 1 ml of unite 0.9^ NaQ imo the bocks 
of iiwip* of four male SOD mice or mMk mke. Tumor (onmuon by 
MCF-7 ceils was ttudied by injectm? 2 ^ 10* cells inai ml ol »ttnte0.9^ 
NaQ and 0.1 ml of Mamgel iBcctoo OiduRSoa. Bcdfofd. MAi ix. iiuo ihe 
backs of groups of four temale SGD mice thai bad been implanted tx. I days 
pienously with 21-day mlease pellets of 0^ mf of l7.$-«siradtol ibmovative 
Rcscaichi Saiasoia. FLi. The l7-0*c$indiol pettct was replaced at l\ days. 
Tumor volume was meamied with cahpen t23) twice a week for 40 days. M 
iltt end ot* tte sudy. the amniab were kiUed and tutnors and odwr OTfans were 
tmhmm §fgg hjiiftlifgr*' aBtlysss. 

Sninieal analysis w» by Smdim's nooprnd rtesi 
TtamorirowdiwtesiBSCPtmcg we i eUi ie jriM dtis^ 
m— - vohme by diy for each momc and ANOVA was perfonned Qsaag 
Dbbbcii*! len 10 l iff f — tifntftcant diflerences ftoa the vector ^one* 
irmff^**^ f coram) cell line. 

RESULTS 

Trx and C32S/C35S Transfcctkm of NIH 3T3 CeUi. Transfec- 
tioa of mouse NIH 3T3 cdls with Tni:pRXneo yielded 6 clones stably 
opfcsstng Trx mRNA. transfection with TncpDOO^neo yielded 4 
chMies. and transfection widi C32S/a5S:pDC304aeo yielded 12 
ctones. The levels of nansfected mRNA m some of die clot»s is 
shown mHg.t. The htmianTni and C32S/a5S mRNAs woe larger 
dun Che endogenous mouse Trx mRNA. probably because the trans- 
fected Trx mRNAs also comain ponions of the vector promoter 
legion, the 5* leader setpcnce. or die polyadenylate taiU The level of 
uansfecied Trx mRNA expression w» relatively low. being only 
0.2-1.4-fold the endogenous mouse Trx mRNA. Western bloomg 
showed no stgnificam increase m the levd of Trx protein in the cells 
compared with wild-type or vector aione-truisf ected cells (resuhs not 
. shown). 

The Trx-cransfectcd NtH 3T3 celb grew ai die same rate on a 
plastic surtee. but reached saturation densities up to twice diat of the 
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Rf . y Scinwteioo of ihr prohfctaoon o( MCF-T tatnoM breast caaccr celb md bkmm 
Sm m cdb bv hitiiwii Tn. Celb «m fiD«0i amued a OMEM coosaraiBf Oi<V FBS 
far 4S b so uui Unv weie 0.4 « lQ^cclta.jl»1ndi«MiMmedi«nw«ifeptoMd»tih 
fiah DNiEM wtth i tti or vflMW t Zi I hman tn. Cell immher* ^tn nwaMrcd 4» t 
later. VahMft an ibt inm of iim JmmMsuMu: Aon. SE. 
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vector alone-cransfected NIH 173 cells fFig. 2). The vector alone* 
transfected cells had the same growth chaiactensiks of wild-iype NIH 
3T3 cells. NIH 3T3 ceils transfected with the redox-inactive C32S/ 
C35S Tn grew more slowly and reached a lower saniration density on 
a plastic surface than the vector alonc-tnnsfected ceils. Neidier the 
vector alone-transfected NIH 3T3 cells nor the Ta or C32S/a3S Ta 
transfected cells formed colonies in soft agarose (results not shown). 

The ability of transfected NIH 3T3 ceils to fonn nimon when 
inoculated into imiminodeficiem mice is used to identify oeopiasdc 
transforming genes <24). When die Tn*traosfected NIH JH ceUs 
Thio6 or ThioAO were injected Im. into SCID or mide mice, there 
was no nimor formation over 40 days (results not shown K Thus. Trx 
expression, at least at the level obtained in this study, was not* by 
itself, transforming. 

Tnt and C32/C35S Transfcctfon of MCF*7 Breast Cancer CcOs. 
Human solid cancer cells generally show a greater proliferation re- 
sponse to added Tix dun do mouse nbroblasts (10. 1 1). This is shown 
for MCF>7 human breast cancer cells compared widi NIH 3T3 cells in 
Fig. 3. Thus, we also studied die effects of Trx tfansfecdoo using 
MCF-7 breast cancer cells. Trautsfecuoo of MCF-7 cells widi Tfx: 
pDC304neo yielded 31 clones dut stably overexpressed Tn mRNA. 
and tiansfectkm widi C32S/C35S:pDC3(Mneo yielded 45 ckmes sta- 
biy expressing C32S/C35S mRNA. Expression of transfected mRNAs 
by some of die clones is shown in Ftg. 4. As seen previously widi die 
mouse cells, the transfected human Trx mRNAs in MCF-7 cells were 

larger than endogenous human Trx mRNA. The level of Trx mRNA 
expression was up to aS-fold and C32S/C35S mRNA up to M -told 
the endogenous Trx mRNA levels. Ught microscopy showed no 
difference in die appearance of vector alone-transfected and Trx- 
transfected MCF-7 cells growing on glass coverslips (Fig. 5 j. and both 
were similar to wild-iypc MCF-7 cells, fat contrast." C32S/C33S- 
transfected .VtCF.7 cells appeared more munded and had a reduced 
cytoplasm-to-nucleus ratio. 

Quaiititaiive Western immunoblotting showed no significant in- 
crease in die level of Trx protein in the transfected .VlCF-7 cells 
compared widi vector alone-transfected MCF-7 cells, except for one 
clone (Table 1 ). There was. however, a significant 60^ increase in die 
seaenon of Trx into die medium by three of die clones compared widi 
die vector alone-transfected .MCF.7 cells. TTie diree ortier clones 
showed a 20-50% increase of Tix in die medium, but diis was not 
stausdcally significant Thus, it appean diat most of die extra Trx and 
C32S/C35S produced by die transfected cells is secreted into die 
medium ■ 

All of die transfected MCF-7 cells showed Unear growdi charac- 
teriidci on plastic surfaces over 7 days. The Trx-iransfected ceUs 
grew at die same rate as die vector alone-transfeaed .MCF-7 cells 
(Fig. 6), However, when grown in die absence of. or widi 0.5^t FBS 
for 2 days, die Trx-transfected cells grew at twice die rate of die vector 
alone-transfected cells iresulu not shown). The C32S/C35S-trans- 
fected cells grew at a signiftcandy slower rate diax was S6 -78^ of die 
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vector uooe-cranMecwa cclU-iFig. * "oie»» fonnniui ww^umW . 
taoar maeasoJ between an& jidTlor the InHnxafeaei^ 
MCF-7 ceUs compand with the vector ik)oc-<raiis(caeo ctlk aM 
tiinifKaaUy decreaico op to 73^ for the C32S/C35S-(n&i&cit4 cdh 
wtaB ihc celb wem grown in son tpmsc The vector itofK<tt3ns- 
tentf edit stowed growth chanatratics identical lo thov of wild- 
typo BICF-7 cells oader lU condiaaa imilu ooi stwaL 

TaoMT FonBoiliM bjr Tn* and CSSSGSS-austeted MCF»7 
Cdh. Tbe vector aloot-aamiectcd MCF«7 celb mjected imo SOD 
niei tencd onnon ifaai giew at riis nine ntt as mwr ^ i^ ^f yy^ 
MCF»7 GOlb wt have team other ttadtcs. Tni-oiaiiccttd MCF-7 
etUt faimed oinoit m SCID mice, ahhoofh they grew m a sifttri- 
easily tlowtr lote ihaa omion fenncd by vceier alflm>«8iBtaad 
eeUcS7«liBrTn l2Gclliand38«rorTn2Oeentibedi^<0jQS 
^flm tqoaies legntsioa aaalyttt: Fig. 7)l Toaor fenmm by die 
C32S/C3 SS-tt antfec i e d MCF*7 ce&t wat alaoa coo^ldely tap- 

fer h i iiningkil eiaimn a ricm *«"ttie and of di» J^&T^nl^lAl^ 
N«»^^^>ecior alone or Tt»^natlmd celb shoawitoge^ 

ilioMd tnaO Ruaoicopic oimor ceU depotiia. 11m ws ao evidna 
of nmr raeamasis lo odwr organs in any of the antoBb. Nenbcm 
anabtit of the loiaor taken from a»anb iaiactBd widi Tfx>oamteitd 
ceSs showed the presence of transfeosdTnmRN A aidransnacdhy 
Mt bige liie tmuiit not thowni. 
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DISCUSSION 

Tm ftgulaiet die ledoa naic and acuvtiy oi' a oumber of ianaBel- 
hilar pioiem dm cannl ceU growth, lachidiag nbonuctaocHie ledne- 
ttse f h and die DNA bindiag of several oantcnpiien factors 0-41. 

I hnmaa Tn added id oonnal and cancer celb in oihnie 
rprolUenBonillt. However, it hat ooi been demon- 
tegeaously pcodnced Tix can stunulaie cell prolifera- 
DOd. Fiinhemioro. die role Tn nay play in oialigiiam n ansfonn a tio n 
of eeOt n not known. The prem stody wat nndemken to addicss 
to ne of d ieacqiicstions.Nm3T3 celb iiaatfectedwidiTntthowved 
an iacnaied cell sanrauoo dtnsity when grown as a m onol a yer on 
plaide suibces. Um of comaa iahibiiioo b a feature «' iransfb^ 
ceUt (24). and die ceU saomon density of die Tn«Dansfectcd NIH 
m GCttt wat sinibr to dm seen with odter transfonned. weakly 
tomorigenic moose TD ceQ hnet (2Si. However, the Tn-oanxtaed 
NIH 3T3 cells did an form toznors when tnocwIaTfrt into imnmn od- 
nua- "Hie Tn*aansftcted 3btCF-7 celb did not show in- 
crened growdi on plastic surfaces in notnal FBS. but eihibiied^ 
signUkagly increased anchongc-independem growth measured by 
colony formation m toft agarose, h b auprtsing dot when die 
Tn-tians£ecisd MCF.7 celb were irawn as icnografts in SCID mice, 
they exhibited d ecr eas ed erowth rate complied with vector alone- 
nassfected MCF«7 cells. Thb may be because human Tn can sum- 
ttbte die immnae system of mice* lo dm Tn seneted by die irans- 
fecied MCF-7 celb snghi promote some immune r eje ct i o n , even by 
the SCm mice, which. aiUMogh defidem ra mantra B and T lymph(>- 
cytea. have natural killerw. myctoid>. and amigen-presemuf celb (26i. 

Bodi NtH 3T3 and VICF-7 breast cancer celb transfected widi die 
OS/C2SS Tn showed slowed growth rates on a plasoc surface, b 
idditioo, cohMiy fbnnatioQ by MCF-7 breast cancer cells in soft 
agaiw^jwt considerably decreased. When injected into SCID mice, 
ibe C32S/C3SS-iranstected MCF-7 celb fuiined only microscopic 
mmois. C32SfC35S b a fcdm-inacnve muiam Tn thai acts as a 
compeiiuvc inhibitor of Tn fcduciase ( lOt Our X ray crystallo- 
gnpbtc studies have idennried a hifhly conserved 12 ammo and 
bydrophumc surface on nummatun. out not iracienal. Trxs. whicn 
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Timt (days) 

Ft|. 7. Gnmih of Tm and C32S/C39S-(nnfecicd MCF-T brcau canctr cdb m SOD 
■m. Femilc SCID am tmpUmcd tx. 2 dxf% pnrwmhi with » 2liS»v fdoic pdki oT 
(L2Saifof »«reMqccttdtx.«i(h:x ICTvaMlBEKdMCF.TcclUnai 

nri of 0.9<l' Naa aad QlI ml of Mauifd. C. MCFioca pCOlM vector alonc-aaasfecMd 
MCF-? cdb: Y. Tn II Tn-misMaed cetli: Tn 20. ihioitdouiMnastattd cells: 
Sob 4. C3:S035-aaaireac<i cdb; C Sob 19. OSOSSHiiDslccied cdh. Ttoc 
wcvr low nia per graup- Tumor ftowito «» wtatimA iwicc a wedi for 40 day*. The 
Wfi^anM pdlM was icpteed Ji 21 di>t. Valoa m acaa. Aon. SE 



subilizes the Cys^ •mediated disulfide-borakd dimer (27>. The phys> 
ioiogtcaJ fiincuon of this Cys^^-Cys^^ linked Trx dimer is not known. 
The surface stnicture of C31S/C35S is very similar to that of Trx (27) 
so dial C32S/C3SS is Ukely to participate in the formation of a 
heteiodiiner wtUi Trx and thus might lower Trx monomer concenm- 
tions or alTea the biological activity of the dimer. Unlike ttrtld-type 
Tnu C32S/C3SS does not stimulate cell growth when added to die 
culture medium. C32S/C35S might also aa as a competitive inhibitor 
to the normal redox*active substrates of Trx. Whatever the mecha- 
nism, it appears that C32S/C35S acts in a dominant-negative manner 
to inhibit the effects of endogenous Tix and, in so doing, inhibits cell 
growth and reverses the transformed phenocype of MCF-7 breast 
cancer cells. 

Nfost of the added Trx or C32S/C35S protein that is produced by 
the transfected cells appears to be secreted into the medium. Whether 
the transfected Trx is produced in a different compartment to endog- 
enous Trx, altowing it to be secreted, or whether a constam proponion 
of Trx is secreted is not known. Tn is known to be secreted from cells 
by a leaderless secretory pathway (|7V The concentrations of Trx 
found in the medium, up to 10 nM alter 6 h. are bwer than diose 
required to direcdy stimulate cell proliferation (It). However, we 
have recently found that Trx at nanomobr concentrations will pocen- 
daie the growdi effects of cytokines such as interleukin-2 and basic 
fibroblasi gxowdt foctor^. h remains to be esobliahed whedier die 
extra Trx is prtxhtcing its effects on cell proliferation through an 
intracellular or an extracellular action, k should be noted diat Trx 
binds to die surface of cells ( 11. 28) so diat secreted Trx could have 
a local efTea at die outer cell surface ahhough c onc e n t r ations tn die 
medium ire low. 

The levels of transfected Trx mRNA in ceUs were not high, only up 
to Ufold endogenous Trx mRNA levels, and were independent of die 
manmialian transfection vector used. Typically. mRNA levels resuh* 
ing from transfeaion using such vectors are 10-50-fold or higher 
(29). It may be that high levels of Trx gene expression are toxic to 
cells. We have found only a low expression of die human Tn gene in 
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innsgenic mice/ In wontrxM. sonw human lumor^ nJuw very hich 
IcveK ot Tn mRNA cnmpareti w»ih Uk nonnal iiv^w: mitre ilun 
I MoM m human pnmar> lung luroorv 1 30i and even higher in human 
pnman colon tumiv\ • I5». It m noi known why higher Trx mRNA 
leveK couia not be obiainea m iran^tecteil celU. We were unable lo 
obuin iraniitonnauon oi NIH 3T5 cells wiih Tn. h remains to be 
dcmonsinueil whether :he much higher locls ot* Trx expression veen 
in *ome human tumors might be inn^torming. 

The ob>efvaiton thai a ledox-inacuvc dominant-negoiive Trx re- 
verttes the innsformed phenotype of MCF-7 cells suggcstt that diugN 
thai inhibit the ledox acnviiy of Trx mighi otTcr a novel approach lo 
treating some forms of human cancer. Altenianvely. inhibiting the 
enzyme responsible for the reduction of Trx. the tlavoproiein Trx 
reductase, might also lead to a sclcaivc inhibtuon of cancer cell 
gfowth. We have shown previously thai some antitumor quinone*. 
inchidsng doxorubicin and diaziquone. are mechanism-based (suicide 
subsuatei inhibitors of Trx reductase both in the punficd foim and in 
imaa cells (31). However, the antitumor quinones have many other 
effects that could conmbuie to their ahunimor activity (321. On the 
basis of our uansfeaion studies, it would be of great imeiesi to sec 
what effect selective inhibitors of Trx or its reductase have on cancer 
cell growth and transformation. 

In summary, our results have shown that stable transfeciion of 
nomiansforaied moose fibroWasi-like cells and human breast cancer 
celk with human Trx leads to low levels of overexpression and 
incieased cell saturation densities but no transfomiaiion. measured by 
mmor fonnatioo of NIH 3T3 cells in immunodeficieni mice. Stable 
iransfection with tedox-inactive mutant Trx results in a dominant- 
negative effect widi inhibition of mouse cell and human breast cancer 
ceU growth and reversion of *e transfomied phenotype of human 
bieasi cancer cells, measured by Aeir abiUty to form colonies at soft 
agnose and to form mmon in mice. The Trx produced appears to be 

secreted mosdy ten cells, and whed« die Tix is having an mtia- 
ceQitlar or extncdlular action remains to be determined. 
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•be? 

In the majority of the subjects tested (8/10), human primary gastric carcinomas 
thioredoxin was over-expressed in tumor cells compared to normal mucosa, and in all cases 
the over-expression was found only in the cancer cells and not in stromal cells or infiltrating 
lymphocytes. Levels of thioredoxin significantly higher than in normal dividing cells, were 
found in S/8 of the over-expressing carcinomas. To relate thioredoxin over-expression to cell 
proliferation and apoptosis, nuclear proliferation antigen was detected by Ki67 antibody and 
apoptosis by the in situ terminal deoxynucleotidyl transferase (TUNEL) assay were measured 
in the same tissue samples. (See Table 1). Thioredoxin expression was significantly and 
highly positively correlated with nuclear proliferation antigen (p<0.01) a mark^ of 
aggressive tumor growth and highly negatively correlated with apoptosis (p<0.001) a form 
programmed cell death that is presumed to limit tumor growth. Thus, thioredoxin is over- 
expressed at the mRNA and protein level in a number of human primary tumors. Further, the 
expression of thioredoxin protein is directly associated with highly proliferative tumors. 
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Ta^|ft } , Staining nf Thioredoxin in Human Gastric Cancers: 
Comparison with Cell PioKferation and AnoDtosis 
Staining scored as absent (0) or weak (-^) to intense 
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* = gastric pits; NE = non evaluable 



MCF-7 human breast cancer cells were transfected with cDNA for thioredoxin 
or with a catalytic site redox-inactive mutant thioredoxin, C32S/C35S. using two constitutive 
eukaryotic expression vectors Q)RXneo and pDC304neo) and a number of clones were 
selected for each. The level of transfected thioredoxin and C32S/C35S thioredoxin mRNA 
was iq) to 2-fold the endogenous message. Both types of transfected cells showed increased 
thioredoxin protein production, measured by quantitative Western blotting, up to 100% that 
of mock-transfected cells. 
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There was little difference in the growth of the transfected cells formed up to 
4-fold more colonies when grown in soft agarose and the C32S/C3SS transfected cells formed 
up to 80% fewer colonies as illustrated in Figs. 4A-B. 

When these cells were injected into scid mice the thioredoxin transfected cells 
formed tumors while the C32S/C3SS transfected cells did not form tumors, as illustrated in 
Fig. 5. This was confirmed by histology. Thus, a dominant-negative redox inactive 
thioredoxin can reverse the transformed phenotype and inhibits tumor growth in vivo 
providing molecular biology evidencing that thioredosdn is a novel target for anti-cancer drug 
development. 

4.3 USE OF TfflOREDOXIN AS AN ANTI-TUMOR DRUG TARGET 

Although thioredoxin is a known protein, it has not been disclosed or 
suggested that thioredoxin be used as a screen for anti-tumor agents. It has now been shown 
that stable transfection of the MCF-7 breast cancer cells with a redox-inactive mutant 
thioredoxin causes inhibition of anchorage-independent growth of the cells in soft agarose 
and causes complete inhibition of tumor formation in vivo. The redox-inactive mutant is 
formed from thioredoxin where the catalytic site cysteine residues are replaced witii serine. 
Further, it was shown that the mutant thioredoxin did not inhibit monolayer growth of the 
cells, does not inhibit normal cell growth, while it causes inhibition of anchorage- 
independent growth of the cells in soft agarose, /.e., does inhibit an in vitro characteristic of 
tumor cell growth. This is the activity that would be expected from drugs that inhibit 
thioredoxin. 
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4.3.1 EXAMPLES OF AGENTS THAT INHTOIT TfflOREDOXIN 

Agents that inhibit thioredoxin have been identified in accordance with the 
present invention, such agents may be antibodies, drugs or antisense. A series of 
unsymmetrical 2-iinidazolyl disulfides were investigated as inhibitors of the thioredoxin 
system and as potmtial anti-tumor agents. Although these agents were originally identified 
as competitive inhibitors of thioredoxin reductase (Oblong JE, et al.. Cancer Chemother 
Pharmacol 34:434-438 (1994)) but it has now been shown that they also to bind irreversibly 
to Cys^ of thioredoxin and to block its reduction by thioredoxin reductase. A number of 
these disulfide compoimds have been studied and have demonstrated anti-tumor activity 
against human tumor xenografts in scid mice with up to 90% inhibition of MCF-7 breast 
cancer and HL-60 promyelocytic leukoma growth. It has now been dooionstrated that the 
imidazolyl disulfides inhibit thioredoxin-dependent cell growth (Oblong JE, et al.. Cancer 
Chemother Pharmacol 34:434-438 (1994)) and that their growth inhibitory activity in the 
National Cancer Institute 60 human tumor cell line panel correlates with levels of thioredoxin 
mRNA in these cell lines (Berggren M, et al.. Anticancer Res 16:3459-3466 (1996)). A 
COMPARE correlative analysis of the activity of the lead disulfide compounds in the NCI 
cell line panel with over 50,000 compounds aheady tested for cell growth inhibition by flie 
NCI was conducted in order to identify compounds with a similar pattern of growth 
inhibitory activity. Some of the compounds identified in this way were inhibitor of 
thioredoxin reductase and some were inhibitors of thioredoxin. 
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4.4 USE OF TfflOREDOXIN REDUCTASE AS A TARGET FOR INDUCING ANTI- 
PROLIFERATION 

Although the general properties of human fhioredoxin reductase as a protein 
and the cDNA base sequence of human thioredoxin reductase has been known in the art, it 
has now bera discovered that thioredoxin reductase is useful as an anti-cancer drug target It 
has now been shown above that redox activity is necessary for the growth stimulating activity 
of thioredoxiiL Since thioredoxin reductase is the only known way for thioredoxin to be 
reduced biologically it is an obvious extension of the above observations that thioredoxin 
reductase could also be a target for the development of anti-K^ancer drugs. 

4.5 USE OF RECOMBINANT MODIFIED TfflOREDOXIN FOR STIMULATING 
CELL GROWTH 

It has been discovered that human thioredoxin, and specifically recombinant 
modified thioredoxin (mutated tiiioredoxinX does not undergo spontaneous oxidation and/or 
dimer formation, or protected against breakdown by blood and tissues, may have therapeutic 
utility in situations where stimulation of cell growth is preferred or requked. In a non- 
limiting embodiment of the present invention, such new uses include, and are not limited to, 
the beneficial use of thioredoxin and/or recombinant modified thioredoxin in stimulating cell 
proliferation in individuals (1) with myelodysplastic syndrome; (2) in need of bone marrow 
transplantation; (3) with post-chemotherapy to stimulate bone marrow growth; (4) in need of 
stimulation of the immune system; (5) in need of stimulation of would healing; (6) such as 
transgenic animalR in need of stimulation of body growth; (7) in need of simulation of the 
responses to sytokines and growth factors for growth stimulation effects; and (8) in gene 
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therapy techniques. 

The underlying defect in myelodysplastic syndrome is decreased multilineage 
progenitor cell growth associated with decreased sensitivity to growth factor stimulation. 
Thiorcdoxin acts to increase the sensitivity of cells to growth factors and stimulates 
multilineage prograitor cells which provides a beneficial utility m individuals with MDS. 

In individuals in need of bone marrow transplantation, it would be of great 
utiUty to promote the growth of transplanted cells. Thioredoxin may be used to protect 
hematopoietic progenitor cells and to expand cells ex vivo for bone marrow cell growth. This 
would rely on a selective efifect for bone marrow since tumor cells might also be stimulated 

by the thioredoxin. 

It would provide a great benefit to individuals subject to chemotherapy 
treatment to selectively stimulate bone marrow cell growth post-chemotherapy. 

It has been found that Cys73->Ser mutant thioredoxin will stimulate the 
proliferation of human immune cells m culture, which can provide a great benefit to 
individuals in need of stimulation of immune system cells. 

Wild-type and Cys73-^Ser mutant thioredoxm also stimulates the growth of 
fibroblasts, which are important components of wound healing process. There would be a 
great advantage of usmg thioredoxins to stimulate wound healing, for example after surgery. 

It has been found that wild-type thioredoxin expressed as a transgrae in mice 
may be lethal or is only weakly expressed. Therefore, it is possible that construction of 
transgenes with wUd-type or mutant forms of thioredoxin, with or without tissue specific 
and/or inducible promoters, could be used to stimulate the development of the animal or the 
growth of selected organs. 
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It has been found that thioredoxin can potentiate the response of cells in 
culture to +growth factors and cytokines such as IL-2 and fibroblast growth £Eu:tor (FGF). 
Combinations of thioredoxin with oflier growth fectors or cytokines therefore increases the 
therapeutic usefulness of these growth factors where increased cell proliferation is the desired 
therapeutic effect. 

Introduction of the thioredoxin or mutant tibioredoxin genes into human cells 
provides a mechanism of improving the therapeutic usefulness of other cytokines or growth 
factors given directly or themselves as gene therapy, for example IL-2. 

4.5.1 EXAMPLES OF STIMULATION OF CELL GROWTH USING TfflOREDOXIN 
PROTEIN 

Although thioredoxin mRNA has been found to be over expressed by some 
human tumor cells, it has been discovered that thioredoxin, specifically recombinant 
modified thioredoxin also stimulates cell growth. 

A novel mechanism or over-expression and secretion horn the cells by a 
leaderless secretory pathway has important consequences for potential therapeutic uses of 
thioredoxin as explained below. It has been discovered that human recombinant thioredoxin 
undergoes spontaneous oxidation in air to give a form that will not stimulate cell growth. 
This spontaneous oxidation appears to involves Cys73 since a mutant thioredoxin where this 
residue has been converted to serine (Cys73-^Ser thioredoxin) does not undergo this loss of 
activity. X-ray crystallography studies of wild-type and C73S thioredoxin show that 
thioredoxin has a highly conserved hydrophobic dimer forming surface and that Cys73 
stabilizes homodim^ formation through a Cys73-Cys73 disulfide bond (Weichsel A; et al. 
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Structure 4:735-75 1 (1996)). The active site Cys residues become relatively inaccessible in 
the thioredoxin homodimer so that it is a very poor substrate for thioredoxin reductase. The 
thioredoxin homodimer does not stimulate cell proliferation. The half life of recombinant 
human thioredoxin in phosphate buffered 0.9% NaCI at -20°C is 6-8 days. Thus, the wild 
type thioredoxin is not a good protein for therapeutic use because of its tendency to oxidize 
and lose biological activity. 

It has been found that wild-type thioredoxin loses its ability to stimulate cell 
proliferation even over a few days even before formation of the Cys73-Cys73 disulfide 
stabilized dimer. This appears to be due to modification of the monomeric form of 
thioredoxin possibly mvolvmg reversible dimerization witiiout covalent linkage, or to other 
oxidative evaits in the protein. In contrast, it has been found tiiat Cys73-^^Ser thioredoxin is 
stable in solution over several weeks, even at room temperature, and does not dimerize. 
Cys73-^Ser thioredoxin is as effective as wild-type thioredoxin at stimulating cell 
proliferation and retains this ability wifli no loss over many days and, thus, appears to be 
more suitable as a potential therapeutic agent. 

In order to investigate whether thioredoxin and mutant thioredoxin protdns 
have activity in intact animals I studied tiie ability of the Cys73->Ser mutant thioredoxin to 
prolong tiie life of mice tiiat had been lethally y-irradiated and which, if untreated, die fiDm 
bone marrow suppression as shown in Table 2. Mice that had been injected witii the 
Cys73-^Ser mutant tiiioredoxm survived 850 Gy y-radiation whereas non-injected mice died. 
Thus, Cys73->Ser mutant tiiioredoxin can prevent the death of lethally y-irradiated mice. 
While not wishing to be bound to any particular theory, it is presumed that this effect is due 
to stimulation of bone marrow cell growth. 
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Table 2. Protection Against Radiation In duced Death 
bv Cvs73-»S Rr Mutant Thioredoxin 
Mice received 8.5 Gy y irradiation. One group of mice was treated with Cys73^Ser 
thioredoxin in 0.9% NaCI 0.85 mg/mouse injected i.v. 30 min before and 24 hr after 
radiation. There were 6 mice in the control group and 4 mice in the treated group. The 
study was terminated on day 30. 
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Evidence that Cys73^Ser mutant Thioredoxin stimulates the growth of bone 
iftairow was obtained directly by adding Cys73^Ser mutant thioredoxin directly to human 
bone marrow and studying its effects on colony formation by the cells, as illustrated in Fig. 1 . 
Cys73-^Ser mutant thioredoxin stimulates colony formation by the muitilineage progenitor 
cells (CFU-GEMM) but does not sthnulate the lineage specific erythroid prograitor (BFU-E) 
and myeloid progenitor (CFU-GM) cells. 

Fig. 1. illustrates the stimulation of human bone marrow colony formation by 
Cys73->Ser mutant thioredoxin, in accordance with the present invention. Human bone 
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mairow was obtained as excess material from nomial allogeneic bone marrow donors. The 
effects of Cys73^Ser thioredoxin on colony formation are shown by (o) multilineage 
progenitors (O^-GEMM); (•) erythroid progenitors (BFU-E); and (V) myeloid progenitors 
(CFU-GM), as measured oyct 10 days as described. (Values are the mean of 4 
determinations and bars are S.D.) 

It has further been found that Cys73-^Ser thioredoxin can stimulate cell 
proliferation by increasing the response of the cells to other cytokines or growth factors such 
as interleuldn-2 (IL-2) and fibroblast growth factor (FGF) as illustrated in Ae chart in Fig. 2. 
Fig. 2 illustrates potentiation of IL-2 induced MCF-7 breast cancer cell growth by 
Cys73-^Ser mutant thioredoxin, in accordance with the present invention. Cells were growth 
arrested for 48 hr in medium with 0.5% SCTum (10^ cells) then stimulated in the absence of 
medium with either IL-2 or Cys32^Ser mutant thioredoxin at the concentrations shown. 
Cell number was measured after 48 hr. Each point on the chart represents the mean of 3 
detominations and bars rq>resrat S.E. The dotted line shows stimulation by 10% serum. 

In addition, antibodies to the receptors for the growth factors can block the 
response to these agents, in accordance with the present invention as shown in Fig. 3. Fig. 3 
illustrates the inhibition of thioredoxin stimulated MCF-7 cell growth by receptor antibodies, 
in accordance with the present invmtion. Cell proliferation was measured as described above 
in the context of Fig. 2. The concentrations of agents used were Cys73-^Ser mutant 
thioredoxin (Thioredoxin) 1 nM; monoclonal antibodies to FGF receptor, IL-2-receptor and 
EGF-receptor 4 fig/ml; and EGF 1 0 nM. The EGF and EGFR were added as a negative 
control. Valuesrq>resentthemeanof 3 determinations and bars represent S.E. The dotted 
line shows the effect of 10% serum alone. 
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Therefore, the discovery that human thioredoxin, and specifically recombinant 
modified thioredoxin, does not undergo spontaneous oxidation and/or dimer formation has a 
tremendous potential in vivo utility in situations where stimulation of cell growth is required. 
In addition, it may be advantageous to modify the thioredoxin structure to mcrease the 
potency and ther^eutic usefuhiess, such as changing the amino acid sequence at the site of 
proteolytic cleavage to prevent breakdown by plasma enzymes. 

Thioredoxin/mutant thioredoxin may have use after bone marrow 
transplantation of cancer patients or together with chemotherapy to stunulate bone marrow 
recovery, or to stimulate the inunune system in patimts with AlDs. There may be other 
potential therapeutic applications for thioredoxin/mutant thioredoxin such as increasing the 
rate of wound healing. If a thioredoxin or mutant thioredoxin gene could be introduced into 
an animal as a transgene this might result in an increased growth rate of the animal. A 
thioredoxin transgenic mouse has been developed, although the levels of gene expression are 
very low and the animal does not show an increased growth rate. However, a gene for mutant 
thioredoxin might be more effective in this regard The use of mutant thioredoxms may not 
be limited to the Cys73-*^Ser mutant. Mutation of the other Cys residues can also affect 
biological activity (30). There are also other amino acid residues on the hydrophobic domain 
of the molecule that X-ray crystallographic studies have shown might also be important for 
dimer formation.. Mutation of these and possibly other amino acid residues, might alter the 
biological activity of thioredoxin. 

The in vitro cell growth stimulating activity of human thioredoxin has been 
previously reported for human lymphoid and soUd tumor cancer cells (Gasdaska JR, et al. 
Cell Growth Differ 6:1643-1650 (1995); Oblong JE, et al. J Biol Chem 269:11714-11720 
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(1994)) and for mouse fibroblast cells (Oblong JE, et al. J Biol Chem 269: 11714-1 1720 
(1994)). The production of a Cys73->Ser mutant thioredoxin has been previously reported 
In one study it did not act like wild-type fhiorcdoxin as a component of a complex cell 
growth stimxilating factor called "early pregnancy factor" (Tonissen K, et al., J Biol Chem 
268:22485-22489 (1993)). In another study it was reported that Cys73-^Ser mutant 
thioredoxin did not form a dimer, but cell growth stimulating activity by the mutant 
thioredoxin was not investigated in tiiis study (Ren X, et al., Biochem 32:9701-9705 (1993)). 
However, the ability of the Cys73->Ser mutant and other mutant thioredoxins to stimulate 
cell proliferation has not been rqx>rted. There have been no prior reports of administration of 
wild-type or mutant thioredoxins in vivo. 



4.5.1 ROLE OF OXIDATIVE INACTIVATION OF TfflOREDOXIN AS A CELLULAR 
GROWTH FACTOR 
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Thiorcdi^xin (Trx) a wijclv Ji>mrutcvl redox pmtcin chat rev^jlatc? -cvcr.ii intracclluiar rcJi^x- 
*ce:iie> anj ^ctmulateb the prolircratum K)t bi»th mrnnal and tumur cclU. Wc have tininu that when 
iKcnce i»r reJucina aisents. human rea>mhinanr Trx unJersuea »p(mcaneiHi> %»xidaticin. iiismit it> 
uiate :ell i{rowih. huf is itill a »uKcme tor SADPH-JcrcnJenr rcJucnon in human :hiofedi)\in 
•re la a >K»wer >pi>ntnneitu» conver^iun »if Tnt to a homiKltmer that i> ni»r a suKrrate for rs-iuci»i«n 
1 reuucta>e and that din:> not itimulate cell pnJifemtuin. Bi»th CDnvtrsiiin^ can he induced *r\* 
:anc$ and arc reversible bv treatment wtrh the chu>l reducins »i«ent dithii>(hrcitol. SDS^PACE 
Trx undencoe^ oxidacum to mimi^menc tiDrmis) preceding dimcr KtrnkutDn. We have recentlv 
ay crvscalUnrraphv chat Trx forma a Jtmer chat a scahilianJ hy an tntermnlecular Cv5'*-C>*s*^ 
• A Cvs^* Ser mucanc Trx (CT3S) was prepared to determine the role lU C\V ^ m oxidative 
Towch scimulaciun. C73S was as ettective as Trx in scimubcma cell growth and was a comparable 
lioredoxin reductase. C73S did not show spoiuanams or oxuiant'^induced loss of acnvtcv and did 
net. The results suggest chac Trx can exist in monomeric forms, some of which are mediated b\* 
not stimulate cell proltferatitm but can be reduced by thtoreiioxtn reductase. Cys*^ is also involved 
of an ensymattcally inactive homo(&ner. which occurs on long term scora^ or by chemical 
.us, alchough clearly involved in protein tnactivatiotu Cys'^ is cux necessary for the growth 
tivity of Trx. 
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Tfx'' is a mfex piocein found in bodi eukaryoces and pio- 
karyoces [I). The cedox activity of Trx arises ftom a highly 
conserved Tii>-Cys-Cty-Pn>-Cys-Lys active site sequence 
^here the 2 cysteine cestdues (Cys) undergo revenible oxi* 
dation co cystine. Reduction of Tex is catalysed by thioie- 
(foxin reductase [2|* Trx was originally identified in Esdh 
exidtiaaJi as a hydrogen donor for riburuicleotide reductase 
PI» Trx has since been found co act as an intracellular 
dithiol-disulftde reductase and to imxlubte the activity of a 
number of intracellular proteins [4-6] tru:ludtng the DNA 
binding of transchptton factors (7-10). Trx-like sequences 
are (inind in other prutetiu including protein disulfiik tsom- 
erase [1 1|. There is evidence that Trx may pby a mle in the 
growdi and traiisfc>rmei| phenotype of some cancers. Trx is 

over expressed by a tumiher of human cancers compared 
with normal tissue (12-14]. We have recently shown that 
transfection of human cancer cells with a dominant- 
negative mutant human Trx inhibits anchorage-indepen- 
dent growdi in vitro and tumor tbrmattun in mio [15). 

As well as having intracellular actiiHis. Trx acts ex%^- 
eiuntfly as a redox-acttve grouth lactor. Hunun Trx i« iden- 
tical xo the leukemic cell autocrine crouth tacuT .dult 
T-ccll leukemic factor 113|. and «imubrc> the \ff^*^th ^H 
both nonnal fibwblasts II6| and human hcmar.*ki3w .inJ 
solid tumor cartcer cells m culrure |17. 1>1- Trx ajTc-*'^ 
act by a helper mechanu»m that nfnMtuc* the cell? t*- 
gtowth factors secreted K the cell? them?<U o 1 1 >|. Mutant 
human Trxs. where the C\y ' and Cv%* re>idue> at the 
catalytic «te? are converted % ^nne- 1 ^vr^ either ^inclv . t 
logedier. are red%>x inactive and do not >timubte cell 
gn>wth [16]. Trx is :iecreted rrom celU bv a leaderless secre* 
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(iinr pathway 119) aiua cuuLi be ucnnc as on Junxnne acccir 
tur the uniwrh \)i »mt cancer cells |t3|. 

We have tuund chat £. am Trx. uniike human Tnu ikna 
nttt itimubce die pniwth %)t human solid cancer ceils |18|. 
Tne iouctuna %if E. cou anJ human Tnt ire simuar, and 
Kith jre suhtntes iiir human thumakixin mhtctase. How* 
ever, the sutctce resuiues ut the two rbrms vary considenfaly 
t20|. Human Trx has 3 additxunal cysteine residues. Cys^. 
Cys^ axul Cys^. in addition to those in die acnve sue. 
which do cult noxmaily fbrm intnmolecular disulfide bonds 
IZO. 21). Ttx can also farm a humodimer wnh a 1100 A* 
tmeiCKe domain and a disulfide bond between Cys^ bam 
each monomer [Z0{. During our studies ci cdl growth 
snmiiiarinn by Tnc we observed that stotage d the Trx 
wiifaouc a reducing agent for even a few days rcsulced in a 
kssi of ia gRiwth-stimuianng aomty, altbiu^ the Ttx * 
BBBHined a lulwraic for veducsnsn by thmedoauu tcduc* 
Qse* Wie have* iheicsore* exmtned ihe lole of spoBcaneous 
and induced oxtdatton of Trx and cvsteme^ddeted mutant 
Trxs. and dieir^nlity to stimubte ceii probfleniiun. 

MATERIALS AND METHODS 
Pf eparori on of TKi ui cdudiu 

Recombinant human Ttx and Cys^* SedCys" Ser 
mutant Trx (C32S/C35S) were prepared and porified as 
previously described (161. Cys*^ ^ Ser mutant human Ttx 
(C73S) was prepared &um single-soanded. sense strand hu* 
man Trx cDNA ligaced by polyediylene glycol precipita- 
tion into the pBluescrtpt KS vector (Stiatagene* La )oUa, 
CA> using R408 helper phage. The sin^e-stnnaed cDN A 
was used for oligonitrlpiiitde^iiemeil in wo nnaagenasis 
(Venion 2.1 Kit. Amersham. Buddm^amdiire. UJC.) us* 
ing oligo nucleotide 5'-TCTTGGCATCCATTT- 
GACTTCO'. Point mutagenesis was amfumed hy (fideuxy 
sequencing bsK-denatured double-soaikkJ WA using 
dw Se^uenase Vetsiun 2.0 kit (USB. Qevebnd. OH). 
Novel Ndel and BomHl r c s u ua e d sites were tnmnhiced at 
the 3' and 3' ends of die nuoant Ttx dOHA ht oligiv 
mideiicideniirectcd PC!R. Ndd/BamHl rcstncied fitacmcfits 
were extracted frinn aiianne eels. Ugated imu a smelly 
resinered pET-la expnssion vecmr 
E. co^ BL21 cells ami ommmed by dideuxr minmcing. 
C73S Trx was expnsMd and purified as pnmuuslf de* 
scribed U 61 AH T na we re snaed at -20* as a IS |iM stack 
solution in 3 mM DTT. Before we. the DTT was removed 
Ky pnstna the Trx solutitvi thnmeh a PD*10 Jesdtms ooU 
umn (Pharmacia. Uppsala. Sweden). The Trx solution was 
kept at 4* and used within 2 hr Ifoesh) or snevd m wxncr or 
0.1 M potassnmi pho9phaie*bultered 0.9% N«tQ at 4* or 
*2C* h>r specified times. Oxidittd Trx fiir cdl gniwth stud* 
tes was prepared by addirus a 5-foU midar excess vi H to 
a 23 \iM Trx stock solutum without DTT and I )u latter 
removinc unreacred HO; usma a PT^IO aihnnn. 

CeQ C/riNtftK Studies 

MCF-T human breitsT cancer cell> were %ibtamed mim the 
Amertcnn Tvpc Culcurc Gdleccutn iRttckvitle. MD). 



mainiaintfd in DMEM citntainmu 10% riecai huvtne senim 
at 37* and 6% CO*, and pu&saiKd at T5^> cortfluexKe. The 
dflfect ot Trx an J miiJiheJ Trxi on MCF-7 cell growth was 
Jecermined js pre\tuusly Je^J^td (ISj. Bnetly. 10* ceils 
were plated in a 33-nim cultun^ Jish in DMEM containing 
1C% fetal bovine scrum and. after attachmmc tor 24 hr, 
growdi arrested using DMEM with 0.3% fetal bovine senim 
for 48 hr. The medium was then replaced with DMEM 
containing Ttx or other additions for I days aiul cell tunn* 
ber measured widi a hemucytometer. All incubacions were 
conducted in triplicate. 

Thiorednnn Reductase Assay 

Human placenta duoiedoxin reductase* specific activity 
33 J |uaoI Ttx rrrdtirrri/mig/mg pioteiiu was pr e pai e d as 
previously described [23|. Reduction of Trx artii C73S by 
thioredoxin reductase was measured by the oxidation of 
NADPH at 340 nM with insulin as the final eiecoon ac* 
cepcor as described by Ludunan and Holmgren [Zj. 

Elcctrophofests 

A Z5 )lM solutiun of fresh Tnc« mutant C735 or C32S/ 
C3SS Tixs: Trxs that had been aged at room cemperature 
for 48 hr, 7 days. 90 days; or Trxs treated fori hrwith ImM 
diamlde* 10 mM DTT, 3 mM Z-mercaptoechanol or 2:1 
(v:v) H2O2. was mixed widi an equal vohsme of loading 
buffer containing 3% SDS. 10% glycerol and 0.1% brom- 
phenol blue in OJdS M Tris-Hd pH 6.8. Approximately 
0.02 |Lg <^ the prurein was loaded in ead\ lane of a 24 x 45 
cm 1&5% potyacrylamide resolving gel (pH 8.4) containing 
0J% SDS. a 10% spacer gel and a 6% stacking gd and 
separated by eleccn>phurcsis usine an aruxie buffer of 0.2 M 
Tris-HQ pH 3.9 and cathode buffer of 0.1 M Tris-Ha 
0.1% SDS, pH 8.2. The gel was nm fiw I hr at 400 volts 
before loading the samples and then at 400 volts for 24 hr 
before fucmg in 50% methan&iL 7.5% acetic aciJ flir 20 mtn« 
Mkvwed by 5% methani>L 7.3% acetic acid fiir 20 miiu 
followed by 10% glutaraldehyde (or 20 min. The gel was 
snaked in 2 L H .0 ovemii^t ti> remove unbound SDS and 
then silver stamed (ICN Silw Smin Kit, Irvine. C\). 
Sitnibr ubsen-ations wen: made when the tsels were stained 
with Gmmassie Blue. 

RESULTS 
QfoivtH Stmudanofi 

Cys'^ Scr murant Trx (Ci 3S) snmubted the prt^lifera- 
tion of human MCF-7 bnrast cancer cells. The EQo ^ 
gniwth scimulatum by CT3S was 330 nM and the maximum 
effect was .veen at I p.M. which ts similar n> values we have 
previousiv repi^rted for inmubnon of MCF-7 cell prolifeta* 
turn bv recinnhrunt human Trx jlSl. Storaue ot Trx m the 
absence a reJucmu as»ni *uch .is DTT at 4* tor 5 davs 
resulted m a TS'*;i U>s*. and for 'V davs a Wii U»» »»l cell 
unm-th sttmularmu activity iF^'r 1^- In coninLM. C37S 
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Scnun Thiorvdosin C73S Ybtoratfoste 



Stort^ 41 4*C (days) 0 9 10 0 9 90 

nc U StinMtiaiwm of MCF»T braw cnctr cdl pwdi hf 
fresh and a«cd Tn and C73& MCF-i cdb im frowrii 
•ffmnd and ifaa tamuhooii of eaO pfpBiiBtfioa aaaamad 
9vcr I dav» using I fiM Tn or C73S that waa fr«k or had 
been itDcad as a 25 pM tioek sofaiion withoiit ladttdBf 
aganc (or S days or 90 days at 4*. Alao shomi far lafcwn c a 
is dia tfftet of 10% finl bovina sanmi. Each eahia h dM 
mean of 1 dettrminadoas, and baft an SEM. 



showed no toss of accivicy when mnd unikr dwae coadi- 
aons. Trx scored in the presence of bovine cacalase aa I 
unu/ml did not lose htoksgical acnvtey over a S-duf period 
(resulo nor sfaoam). 

Reductton €f Tiuiitnliiunt by ThtovedoBn BediicanM 

C73S was a good sid«zafe for ledicDon by haiman piaoan- 
al chkxedoam ceducose widi a K» of 0^ 1^ 
of 6 J nabVaua/iig* These vahMi are anniiar a» dioae we 
have pieviouilf found far Mx Tnc* whidi were a of 
0 J3 iftM and a of 5^ onolMn/nf 1231- 

The eflhcc of siDriiig Tfx widwuc DTT on is 
accaaasubsa«igfedi kx e doxin t e du ct a ie waainv rwi|M^ 
(Table I). When snccd ia Hp eidicr at -20* or arioom 
tempenniit Tb showed a bas of aoivicy wlih a hatf^ 
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;r->C Jiiv*. The ItK* iil Trx .iccivir.* \vu> miirc nipw when 
M.-nri m pmt^hiitc-buttered J.9*V NiiCl u-irh a halt tire .t 
i iiv*. Phi'^phate hutifef is kn^iwn ciicwnrain »mall ami<unr> 
»< m-n IZ-rj. which anjlJ catuKie an oxidative prucc?? in- 
crej>tn^ the kku irf Trx acnvity. AUcnuiiively. the kiwer 
pH of the Hilutiim in water ctmU iisibilbe Tfx or the in* 
crea>c in hinic strencth of phusphate-hulfereJ 0.9^*^ NaCI 
amU enhance the ii)nnattiin of the inactive hunuidimer of 
Tlx. The Jttseii Tne shiiweJ a slou*. debyeJ feduction hy 
thuireJoxm reductase that was stimulated by otalvric 
amounts of msh Trx (Fig. 2). It b impurtanr to note that 
the kiBtt of acrivttv of Trx a> a substtaie fur rhioredoxtn 
neduccase was much slower than the kxa of activity as a 
scimubuir of cell gniwdu C73S did nut show a kiss vf 
actt\ity as suhKiatefurthioredtsxtn reductase upim saiiaiee 
for up ti> 30 days. The ability of Trx to act as a substrate for 
thiureduxin reductase was aimpletely inhibited by treat- 
ment with S miliar equivalents cif H^O:* whereas C17S 
remained ntUv active after treatment with 100 molar 
equivalents of HzOi (Bg. 3). 



Multiple Forms ofThiandom 

Hectrophoreric analysis of freshly prepared human Trx 
stored in DTT showed a mixture of 5 bands of apparent 
molmilar wei^iis ranging from 6.1 go 11 kDa (Figs. 4, 3, 
and 6, lane 1). Soomge of Tnt ar nxmi temperature without 
DTT resulted in a change in the banding panem with 
disappearance of the 8.1-kDa band by 48 hr (Hg. 4. bne 2). 
Stotage of Tex without DTT far 7 days resulted in the bss 
of additional bands and the appearance ofanewbandatD 
kDadue, appaiendy* m aTix c&mer (Fig. 4, bne 3). Scocage 
of Tix wtdtout DTT far 90 days at 4* resulted in almoK 
complete conversion to the Trx dimer (Fig. 4, lane 4). 
Treatment of 7-day aged Tnc (Rg. 5, lane 2) with 2*mer« 
captoetfaaiml resulted in the reappearance of the fresh Trx 
huiding pattern, except far the 8.l«kDa band, which did 
not reappear (Fig. 5, lane 3). Loss of die smaller bands and 
dimer farmation was seen when Trx was treated with di- 




Fia Z. Rcducrkm of aged Trx by tfa iui e dojun fducm i t . 
The incttbatiofi mixmie contwaed 0.1 M HEPB bijjw. pH 
7.6. 5 inM EDTA. 17 |iM tnsuiuu 100 |iM *? 
pg/ml buman thioi«doan «duc«t«. T«w *• f"* 
dmdon of NADPH at 340 om ^^^^ jT^Vlf'Z^r'^ 
TrxD. I ^M90Htoy*gBdTfxaiid JOnMtahTtx- 
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OTye,apiWBmduoloxidii^ (fig. 5, lane 5). 

The bmrnnim ofTcx dimer feDowing donide ireannene 

abo confamed by gri pmneanw 
WIB mic shivwn). HjOj o ejumcm of Tnt abo cauwJ dimer- 
ixBCiun but ptsduced a difierenc banding panem cu chac 
pmduccd by diamide (Rg. 5. lane6).TftaiinttcofTrx wich 
MEM, a d\w\ alkylanng agent (Z6L gave a angle hand with 
a slightly elevated apparem imiiecttlar wm^. fair .ftm^ 
ftumaiiun (Fi«. 5. lane 4), Tieaiment of 7 day aged T« 
with NEM pnxlitced budi die higher ouiiecular weight 
kind as in Fttf. 5. lane 4. and the bands iUumted in Rg. i 
bme 2 (data mit shirnn). tuggenina diat in the aged Ttat 
nut all dte Milftiydnrb aie available (or oivaknt auafigca- 
tiun. Ntme irf the changes cawed by ^4EM were tevened 
with 2-mefciptiiedunul treatment (data not shitwn). 
2-Mercaptiiethamil reversed Ta dimer tiimntton r?^nr4 by 
both diamtde and HjO; oeatment {Fip. 5, fames 7 and 8) 
but was be» eticcttve at reversing changes in the mtimv 
meric banding pattern iif Ta pniduced by H^O* (Re. 5, 
lane 8)- 

Freshly prepared CTSS Trx and C32S/aS5 Trx showed 
fewer band5 than wild wpe Trx (Fiu. 6, lanes 2 and 3. 
awiTjred with lane 1). Titatmenr of C32SK:}55 Trx with 
di:uniJe nwulted in the l^mnariini •* ;i Z >-kD4 dimer (Fig. 6. 
lane Treatment trt C71S Trx wirh Jiamide caused the 
Kmds u* c.mIcxc inr»» .i ^inule hmJ nt' .mmnd 10 kDa, but 
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there was ao IMcDa dimer Itirmcd (Ftij. 6. Une 4) 
eftecrs Jiamide im C37S and C32S/C35S revJj 
b- treatment with DTT »Fn». 6, lanes 5 and TV 



DISCUSSION 

The study shows chac hunuin recombinanc Tnt undergoes at 
least 2 levcb of spontaneous and induced oxidative oans- 
fbnnacioiu The (use oxidation occuts spontaneously wtchin 
a few days to a fbrm(s) that can no longer stimulace ceil 
growth but remains a substrate for thioredoxin reductase. 
The slower oxidation occurs over a period of weeb. or can 
be i nduced by the thiol oxidising agent dtamide, and leads 
CD a disulfide bonded homodimer which not only hik xo 

stimulate ceO growdi but is a poor substrate for thioredoxin 
reductase. The hex that siinilar changes in Trx can be 
induced by chemical oxtdatiotu are protected against bv 
catatase and are reversed by die thiol reducing agent DTT 
is consistent with the interpretation that the changes in 
Tlx are due to oxidation. Cys^^ appears to phv a critical 
role in bodt levels of oxidant-induced inactivadon since 
C73Sdoes not lose die biological activity or its ability co 
act as a substrate (or thioredoxin reductase upon aging. 

We have shown by SDS-PAGE that ftesh human recom- 
binant Trx can exist in at leaK five different states, which 
pnAably reflect the (iilly reduces state of die pnnein as well 
as dt(!eretu intramolecular disulfide bonded states due to 
the five cysteine residues present in the protein. While the 
specific nature of dicse tntrariiolecular disulfide bonds is not 
known, it is likely that some, at lease, are due to non- 
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no. 4. Effect of storage on Trx studied by SDS*PAGE. Pro* 
Cein was stained with stiver stain. Lane U fres h Tnc lane Z, 
Trx 48 hrs at room temperature wit hout D TT; lane 3. Trx 7 
days at room c cmpe rature without DTT: and lane 4. Trx 
stored 90 davs at 4* without DTT. Position of molecular 
maas marken in IcDa are shown on the left. 
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(unsui JbulihJe KtnJb. ^tnicim; which Junnu Je* 
luitunimm and me axtJinni! amdituiiu exiendni elec* 
m«rh%>rai> (ZTI. The iibsen'aniin mat C5T5 ami C31S* 
C5:5 exhirit a simpler banduic parrcrr. nun uiid-cype Tnc 
up^tn SDS'PAGE abo suggesa chat the banJttur pattern is 
iiue to diMilfhie KmJ fimnactun. X-nv sinicniral anaiysu 
uUidRs chat in aJJinim coadbuifi»ie CHini between CvV' 
aiul Cvs . che %inlv other inoamolcailar Jisulfiiie hmd 
chat mIuU hinn in the nun-denatureJ Ttx b between C\V ^ 
and Cvs akhuugh even this wuuU require a difieienc 
amivinnatum ut* the protein (20|. With the exceptiun of a 
fH^irle sltcht nuKiitkantm in Cys^, dwe is no evidence 
that Cys'-, Cv»** or Cys*^ are ^oJced in Ttx civsfids 
kmed in die presence of 3 mM DTT (201. The hex ifaat 
cceatmeni iif Trx with MEM produces only one hnd im- 
plie> that prior tu denaturatton and eSecaophoresis finesh 
Trx exixo us a sin^ species. The mnnber of toee ditob in 
teh Trx W3S d e ier m ii ied to he 4.5 n> 4i/inoiec3ule by ED* 
man * reacent (ZSl (data not shown), indicanng chat all ftve 
omines are in the sulfhydryl £onn. Tccaanent of MEM* 
alkylated Trx with oxtdiang or ledudngageiRS pfoduces no 
dian^e in the handing pattern (data not shown), which b 
farther e\idence chat aU 5 suUhydiyh have been alkylated. 
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na 5. 0»d«ion and aDcytadon of Tix nStd by SS- 
PAGE. Lane U Ml Tm boe 2. Tm smed as nom lem. 
Mvttfc wbhoitt DTT far 7 d^FH hue 3. Tea aa fai hae 2 
with 3 obM ^ nmeapio u hmo li lane 4. tab Ttx 
vtatad with I mM N*#d i y lmah iaiSdtt lane 5. fiterii Tlx 
^CKadwiih 1 raM(Bamidc:bat6.6ahTixoettid«rith 
fMvtv) H sOsi fane 7« Trx as m hue 5 Mtcd with 3 oiM 
*^map<ocdaaoli and bae 6. Tn as in bn* 6 nested wiifa 
10 mM 2«i naiLapio cihanoL Potttton of molecuiar naas 
*^cn in kDa are shown on the left. 
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12 3 45 6 7 

WUL^ OwiitMh n and wdnctipo of muma Tea laidkd by 
SDS-PAGE. hum 1, bmh Tnq labft 2« fr«h C73STfx; bae 
3* frnh C32S/C35$ Tne hm 4. C73S Ttx tFtamd whb t 
mM iW a m i il i , km3tC73STncMinhn»4ttMidwiifa 10 
■M DTTi Imm 6» C32SC33S T« tmad with 1 oM ifi. 
anidc; nd km 7, a2SC35S Tn » in hM 6 MMd Willi 
10 wbM DTT. Ptoiidon of onn ankm fai kOft 

M ihoWB OB lbs lift flnd ft^hK» 

Oxidtcioa of qmtna to suUenic or sulfinic acids is un* 
bkdr eo occur spomaneuusly [291. k is luiceworihy char 
HjOx ocamcnc of Tnc gives rise n a dtfEntnc monomcric 
hiuiat pram dian chat of spontaneously oxidiad Ttx. 
Tlia original onooncric hanging panem is abo noc r^cn* 
owed by g Mu ne m widi DTT. As has been previously 
Sttggesttd far NADH peroxidase pOL we speeubse dat 
HjQs o nidiiei ifae cyueiues » sulfenic adds and to the 
inevcnibk suHfaik or sulfonic acki sa^ 

IXotef the same tune tnttrvil that diete was a toM of the 
frawrii snmuhdng accivicy of Tlx. there was a shift of th^ 
iW L m i|i ft o wt tc oanoiBg pa cren v There was acoQapse of 
the banAng pattern with loss of some of the Tnc mooo* 
meric bands over 7 days, suggesting that Ttx may be un* 
dnfDteg "natite- inmrnolecular disulfide bond formation 
prior CD el e cuupUues is. whidi prevcna the for mat i o n of 
»Jom disuiMs^ond formation seen with denaa aa thm 
ni eiociiapharesis of 6eA Tlx. A similar phenomena has 
been observed with bovine pancicattc trypsin inhibitor (27« 
311. AOcybtioa of ^ Tn with NEM gave more dian one 
pmein product, indicaring diat aged Tn cxisa in multiple 
foims and nor all the suUhydiyb are availaHe &ir reactioru 
Since C73S docs mn undergu a similar shiit m bonding 
panem and doa mx undeign loss of gmwth «t«mubting 
activity, it can be assumed that Cy%^^ is involved in this 
tnrramolecular Jiiulfi&ie KmJ rormacion. perhaps with 
Cy$*^ (Rp. 7). Thus, spimtancmw ^iging of Trx over a few 
davs results in the inability iif Trx to ^mmuiace cell giuwth* 
alrhiiuch Tnc is *till a suKtrate ?i*r reducmm K* thii^eiJintin 
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na 7. Potttion of cfUaina m fanmaa Tnu RMont and 
lnUW«ick f«pt«Mnaiioa thorn 

ofCTi",CTi*%CTS~.CTS**«MlCT?\faMcdoad»crnttl 
comtniMtri feribo^ typo twiuerf praam [201. Nqpa of 
dM ddob M in ■ porite iv dWBdt bond ibtmaiBB o»- 
copc far iho fcdnt ooive pair Cyt» nd Cn^. Tl» i 



iwoiiidbt iMMnCyv" ndCTt^^TlioiBiaiydffTb 
1 9.1 A ipntfa d» nodd. btt oMld 
i csdi odicr dMuinh locil iBnocdoos Id 
» Bodi icndim vo in fc oop>» owkim Bocoi* 
/ hmt I luiL Tho i 

tiompOLiiinppc 
kMOlSCRIFTIJSI. 



. Analysis of (ho X-caf sauame of Tix shows that 
Cys^' a by 6u^ die mosc aocrss^ cynetne residue and . 
pontbty die most leacctve (331. 

If a solunun uTTnc » kfc lung cnoitgh. ur upon ocannenc 
widi a SDURK oxidizing agent sudi ai diamide or HvOj. 
dim is iiinnaniin of a 23«kDa Tix homodiiner. Reduoiim 
of die Tex diraer by diiiifcduun nducase is sknr and de> 
byed. and is snnutbted by hsm c u n amnari it n s of tetsh Tnu 
suggesnng diere may be an auio c ar j iytic piuccss. A similar 
cundttsitm was reached by Ren et oL [34|. Formaoun of die 
Tni homodimer appean co tnvohw die Cys*^ naidue since 
C73S« where Cys'^ is replaced widi serine* docs ooc un- 
deigo osddadtin-indiiced homudimer hmnadon as ia Trx 
and aZSiO 5S Ren <t oL [34| have shown C73S vioes nut 
undergo oxidative homtsdiraer foimanan induced by se- 
lenodidiioglucaihtune. We receiuly reported the X<fay 
crystal stiuctixre of Tn and idenriftcd a larcehr hvdipphubic 
dimer fermini: intertee that is staHliaed K* j Cv$*^-Cys*^ 
disulfide Kuid (20|. Our nhservatiim duu Trx unJersiies a 
taster Kiss i^' acnviry with thkucdoxin reducoie m PBS 
vemis water indicates th;it tnm-induced t>xhkituni ^ir an 



tncmise m umic soem^th mav sohiisc and enhance dimer 
lonnamw. which is comisienr with the hvdn»phobic nature 
or die dimer intertim iihscrved in crvsiab or human Tnc. 

The unpiiftance of the roonomenc oxidative hmnis) of 
Tnc B unknown, mik the <tructunil namre is vet to he 
idcnttf led. it dues have diftbenc hiokiyicai acnv-ity in .hit in 
vm syscem. Tnc is seoettd b>- cells into the extiaceUular 
which u predominandy oxidianij. and might 
be otpecttd to undergo motioracncoxid«ioaCo^ 
to ase of fbimation, it is reaiofttbk to aswTC 

aon. Whahttrfw inight be suflSdent to pi^ 

" ^ known. Tlie fannatton of 

the oxidhed monomer inside the cdl is less tikeiy snce it 
ntn can be slowly reduced by ihioiedoxin icduaase and li^ 
inwtor of die cell a fatghiy fcdudng. 

llie physiologicai signtftiance of homodimer 
aabo u nknown. What might be Tnc hotnodimer has been 
wixmed in diamide-iieaied Jurkac cells 05]. We have ob. 
served small amounts of die Trx homodimer bv 

blotting of untreated MCF-7 breast cancer and odier cell 
hwtes (Powis a aL, unpublished observactunsl It is in- 
oi^iing to speculate that fbnnation of an *^iTf\ Tnc 
™" " "*^ or honodimer in response to intracellular oxi- 
dants such as HjO; might be a way mammalian cclb detea 
oxidant fermattoiL Tnc is believed to exist in nonnal cells 
at concemratioos from I to 10 >iM (2. 12J. diough in se- 
lecied tissues and spedfic cell comparcmeno diis value 
oouU be much higher. It is therefore not unieasnnabte to 

*»Tw wiU undergo hoi^ 
As we observed with the enhanced inacttvation of Tnt in 
^o^»te buffered sahne. we expect dimer fui^tion to 
precede bter m vivo dian we oberve m wmnlrtwter. 
Whether dimer fermaoon m vivo wouW prevent the bster 
"ddation to an itmamolrntlar form b unkmiwn. The sbw 
aunxaialytic reduction of the Tlx homtxitiner to dte mimo* 
mer would be a way to restore the cell CO myrmal operating 
oondidoru after the induction of oxidative stress. 

In summary, we have found dm human nxumhnafu 
Tlx unJex^xi icbtmly rapid (over a few days) spiimane- 
out and uxtdant-indiiced convetskm lo a <iirm(s) dat J»e> 
not scimubte ceO proKfiefatioiv hut is still a substrate 
Rduction by thioredoxtn reductase. There b much diwer 
U>vv a period of weeb) sponcaneouf oxidatiun ofTfX cu a 
Cys' •«cahili»d homodimer ftmndiarbmtc a subsmne&ir 
diiomiLmin reductase and that also does mn siimulace cell 
proliferation. Both conversioru can be fe\'ersed by trear- 
Wfint with the thiol reducing agem DTT. and Kith ifrtar 
to invoU-e the Cys^' residue. A Cvs' * Ser mutant Tnt, 
which stinuilates ceU pniliiination arid u as eAxtive a sub- 
nrate tor thioredoxin reductase as Trx. did mac show aae or 
oxidation-induced loss iif dwse activities. Thus, with nute 
Trx jpadually Uisc9 to ahilinr to siimubte cell prx^litientinn 
and ft> he a Tuhscmre fur thiarcJi»xin reducct'^. unlik< the 
Cv>' — » <er mutant Trx. which reraim rh«< jcnvttie> 
with ni« Uw*. Thus. Cys'' i* cnn«:.il riv hi%'Un:icil jc- 
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4.6 REDUCING ^ TIBmON OF APOPTOSIS IN TUMOaiGB SJHAT.OifBRr 
EXPRESS TfflOREDoXIN 

ABSTRACT 



Tht itdM proltta tWowdnrfn ptays an haportMl ndt to co^ 
TTffT~ WO growth temigli mnliUnn af DNA layBtoto rod temoipticn 
teinr adhior. TUandoito b omnuuMd 1^ • wunfatr of tom 

Inrtnrinil nfirr^ ^ twrnrf t ♦i-i,.^ «fl«. mndned the 

■hlB^ or WBHna cA MblF tnotfiectcd vUk knmro 




mnoDUcnoN 

Trx* is a Uw molecaUr weight redox iiratdn found in both pro- 
karyodc and eukaryotic cells (1). llie cysteine residues at the con- 
served Cy$''-G)y-Pn>Cys'*-Ly$ active site of Tix undergo reversible 
oxidation-ieduciion catalyzed by the NADPH-dependent selenium- 
containing flavopratdn frx reductase a)- Huioan Trx is a protein of 
Af, with 27% amino add identity to Eidimehia caii but 

containing tinee additional Cys residues not found in bacttrial Tn 
that give the human protein unique biological propenics (3). Tix was 
originally studied for its ability to act as a redudng cofactor for 
ribonucleotide reductase, the first unique step to DNA synthesis (4). 
More iccently. Trx has been shown to cxcn redox control over a 
number of transcription factors, inchiding nuclear facwr kB (5), 
transcripiion factor lUC (6). BZLFl H). and the glucocorticoid re- 
ceptor (81. and indirectly, through nuclear redox factor Ref-l/HAPE 
Trx can icgulate AP-1 (Fos/Jun heterodiiiien Ret 9). 

Trx is also a growth fanor with a unique m e chan i sm of action. 
Human Trx stimulates the proliferation of both normal fibioblasts and 
a wide variety of human solid and leukemic cancer cell lines (10. 11). 
Redox activity is essemial for growth stimulation by Tru and mutant 
redox>inactivc fortns of Trx lacking ibe active site Cys^- and Cys" 
residues arc devoid of growth stimulating activity (11). Suuiies with 
'-"^l-labeied Trx have revealed no high-affmity binding sites that 
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,rfjht«lj.ii »ii|ii»i teTr»c«tb>«gg»flfc«» 

te cdb to ro«i^ ^>*Kn MCRHd by ite cbDs temi^ 
We hm taDd ihtt Tm mBNA it tlewad e«n|wd «» pM 

iii^iiiuiiim iMimiliirtr rrrrinil 111111 **J*« «Mi imma^ 

edUv cnan (14, tSV We kM 1 

mnmiTni Aow fBdMtt* ■■■■ in* 11 mknt ww* te 



Thii, In u n uupK ii i o n nqr be ft tenr te die pomi^ ef ne 



WEHnicdb(l7)>ToftathBr«maythe€gBcaoCT^fl a< ^ 
ia this stx^ we nbiy uil iB Op d WEHH J cefli with banao Ta 
cDNA and emiBBd die cffieca on bodi lyui i li i w'wa and draf- 
I viiro and widi ibe cdb gniwins in add Bdee. 



MATCBIALS AND MFTHOOS 

I wdd^ype Tie dniA I 

Inaote 

(l«)a 




I (lax To 
cdlitaliBDMEMc 

OMd m 20D ifte/Bd 041t Htltae. AU f 
bOT« |«»fci 3 nd 3a Si^ onteMd WEHH^ ccib (W Jlbt2 

etUi) i»« fll««Bi to Dr. IU)ia Mkrfdd (Ubt^ 
A2: lUt 19). Diitii WW «kkd « a cute d««iiy flf 1 

ctttttaL Stock Mhttioaa (10 ibm) of dnmBbiMMi muu |ii|Mif d tor* 






JBB _ 

I dcnnCAT itpenar ptaanid (ponCAT: Kif. 30> Ml ^-pbclD- 
Aftar a 22* looinfy fWKA^cdb 

^J^^^^ajTotoB^^ hidiiiiipniii DIV An aiiquw 

«M flained far 9-falMBwdMc aoiviiy nd CAT acsvity 
I far BVHfactioB cfRcMBcy* 

. Apujenin waa —aauwd by m ELBA for faiguut aMuriert 
DWAfagmmtt aik by ai e r p h Blop aad Itow cytniniMy 

t rm *S yqrm^^ 2^ ftLMi—. Cdb'lirwTiLubBwrt wtdi 20 M«/ni 
7.MBB0 a um aB^ycai D for 30 mm ai 4-C bcfaic bant aaalytcd by llofv 




fonnlddiyda (te 20 mm ai im MpcnoBC. wadmd far IS mm in PBS. pH 
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7 J. aad penneabitited wiih 100% mcd wnol at — 20X for 6 mm. The cover* 
<«tips were then stocedl al -20*C uaxi} inminiioiiaiBiiif. when they were 
aitewed lo awie » iDore teinpaauiit tnd btocted wiih 1% BSA in PBS. Th» 
was tbIkMMil by a hlOifilniiiMOf goa «rum in PBS. Mbieicaamf for I h 
«nth a 1:11X1 dUumm «ir (mmtmoafliiMy purifiol aUba mdktaam Tn poly* 
dimal anubai^ ilJi. After being wnhed wiih PBS. ilie covenlips were 
expoKduia IrlUidMioaoffoaiaiiiiiMtbioiiiiytecdlgGfer IlLwnhed 
with PBS* cxposcil 10 a 1:30 ifihnton ct nuovesceio lucpuvidsn B uoto ch romc. 
and again washcil with PBS. Ceik were examined osing a Leica TCS-40 laier 
xcaantng contbcat microaaipe with an exatauon waveiengih of 48S om. For 
iutbcdlular locatizanoo oudies Trx. CyS i indodicartioeyaninei xticpiividtn 
was used as the tbinmchronte. followed by digesixm for 1 h at room lonper* 
anue wuh lOU ^fAnl RNase A and DNA iitamed wuh 2S om YOYO-1 iodide 
for 10 nun. CelK were iheo riamtnnl by hier scanmog confocal microscopy 
at exdiaiiuns of 488 nm i YOYO>i i and 647 nm lCy3i. Relative fluoiescence 
intemiiies of gniapi of 20 cells were measuicd ai the same laser powrer. 
phoUMiniliiplier tube voli^c* and line averaging setting as gray level tnensnies 
osiag SigmaScan software iJamld Sciemific. Coiie Madeix CAl. BecaiR 
nanfened cells cahibitcd an uneven dmibmioo of nuuRseeni sumtng. a 
tcmpincof a regular amy of doll waa placed over the nnage. and wwlripte tup 
to 90i nuclear and cympbsimc meamfcinenis were made. 

In Vi99 Tumor Growth. Tumor fomiation by wild*type and u ansfected 
WEHr7.2 celts was studied by injecting 3 x lO' cells in Oil ml of namid sx. 
mto the nanks ot groups of 20 foroale »cid mice. Tumor votume was measured 
with calipers, and rmcc were euthanized when the tumor vuhune circcried 1 
cm*. Nine days atter tumor cell injection. 10 mice Jtrom each group were 
rajccted Lp. wuh 1 mg/kgAby dcsamcthasoRe in 10^ ethanol in 0.^ NaCl. 
Control nuce were mjected with vehicle alone. On day 14. three mice from 
each group were euthanized with CO*, and die tnmois were esci^ and 
iinmediately fited m gluiaialdehyde. 

Prepaimtion of Tissue for Briaht-'FlcId Exaaafattiioa. The ghuaialde- 
hyde-Axed tissue was poatUed m osmuim tenoude. de h yd r a ted in a graded 
fcnes of alcohols, and embedded m epoxy rcsin. Oiie*yun ' thick s e ct ions were 
p repJi e d and stained widi tohudine Mue for fanght-rield examinaiicm. 

RESULTS 

WEHI7.2 cells were stably traosfected with human Trx cDNA in 
the pDC304neo mammalian iransfection vector. We examined mul- 
tiple clones and found the maximal increase in Trx mRNA compared 
lo endogenous levels of mouse Trx mRNA. was L8-fold for clones 
TrxS and Trx6 <Fig. Ml. As determined by imrounofluoiescem stain- 
mg and confocal microscopy, the rrr-transfected cells showed in- 
creased levels of Trx (Fig. 10). The relative fluorescence mtensity of 
wild-type WEH17 J cells < - S£: n » 20) was 1.00 r 0.0S; of TrxS 
cells. 2.tS = 0.14 IP < 0.001 compared to wild lypei; and of Tre6 
celb. 1.87 r 0.11 {P < 0.001 cotnpared to wild lypei. Trx-like 
fluorescent staining was observed in ihe nucleus as well as the 
cytoplasm of the cells cFtg. lO. In the wikMype cells. 60.1 r 5.1% 
of the fluorescent staimng was in the nuclens. in the TrxS cells n was 
59.8 = 2.5%. and m the Trx6 celb it was 36.1 r 1.8%. 

Compared to both wtid^ype or vector-alone-nansfecied cells, the 
mr-mnsfected WEHn.2 cells were resistant to apoptosts induced by 
I im dexamethasone as measured by histone-associated DNA frag- 
mentanon (Fig. 2Ai or by flow cytomeuy (Fig. IB), Histological 
examiBaoon of the WEHr7.2 cells revealed a classic apoptotic mor- 
phology in icspome to dexamethasooe. However, only a small fnc- 
non of the celb undergo apoptosn at any one time, and they rapidly 
piogress to fragmented celb. Fordiis reason, resuhs are expressed as 
relative apoptosts mher than percentage of apoptotic celb. Glucocor* 
ttcoid receptor amvity measured using a glucocoiucotd receptorCAT 
repoiter plasmid was not decreased in the fix-tnnsfected eelb iresutts 
of three studies not showni. We also studied the effect of rrc trans- 
feciioa on other agenu known to induce apoptosis iTable 1 1. Com- 
pared to vcctor^akme-iransfected celb. rrx-transfected celb were re- 
sistant to apoptosis induced by stauraspohne. a general kinase 
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uihibiior i23>: b> a cell-permcam tphingosine analogue. /V-aceiyl 
sphingOMne 1241: by ihapnigargin. Mhich blocks the uptake of intra* 
cellular Ca-' muliinR in an increase in intracellular free Ca=* 
concemraiion ilQi. jm] b> etopoMde. a topoiMmense 11 inhibiior 
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tmcopenc (W.HBI2 ceUsi showed a stmilv pmcm of pmeaion 

agamsi apoiwws induced by the vanauR igeiw a> did the 
fceicd cells aable I|. 

When inoculated imo sctd mice, the rrrHiansfeaed WEHI7^ cells 
fiinned tumoR ihn grew mofB iiindly than ntmoi^ fom*^ 
»ild-iype or te/.?4nnsfeaed WEHHJ cdh iHg. Mi. Upoii hisio. 




tepcil eumiiMuon. tumm tonned by the «-il(M«pe ceib d»««d 
fields .( .poputo eelU „> fieidv or vi^te „|u. „ ^I!^ 

aWoutctUi «lnuxed wid, viable-appeanng cetk (Rg. Mt The 
«llM»dergo.n, wo«» eshibiied ,he cb«ic appc»m« of cZ 

WQin- cell nimoB ilio««l nii«i«a nuii*ef> ofeelU « 



wo 9804472 



PCT/US97/22292 



^^i^iiiijiiiiwr «>.iip«t»« pB^ T^ 

ftOTw i m by h—rii ii ■i«>iBiB rt i f ii nr »»biafardtBt>iB<<tfiwMi,d»SiM«Miii«ai^e^ 























Hw 


W 




WJttir 


rinpniil 


Hmmom 

It 


M 


S&JS9J 

iUs7.l 
I62JS12J 
0 = 09 


IUS9J 
«J0Sflb6 
ZJSIJ 


7.1 : 1.2 
9l9sI.I 
216s4i 
A9S4.I 
IJ:U 


07 ±00 

usa7 

0920* 

















■ pnp foi ii scanoed dumgliout the ounor.nutts. Tinnon fonned bf 

bci-2'Vmitaed WEHDa ceUs abo showed very few ceils ander- 

goiag a pnpmitt (ooc siiowiiK Aiets of neoasis wem teen in wild- 

lype, trx^-mmScaoL and M-2-fians£ected cell onnoci, usually adja- 

eeot 10 fidifa of viaUe-appemg oimor ceUs or, in die case of tht 

wUd-iype eeUs. ai^aoem ID mat dai ibow enamve apopcosts or next 

10 viable-appeariag Gdls. Ticamatt of die mice wi^ 

sttfdag ai dqr 9 had no efite on die powdi of dK iixHiinsfected ceU 

tunonfautinafkcdlyinUbitnldiepowdiofdiewild^ 

d» 6c/-2-ir8nsfeGKd ceU mmon (Fig. lA). Hittological ii«»mt.ffl Tiiw 

fBveaicd no evidence of inc nwd npnmmi a eauuA hy <to«am ^ .h iiTOP 
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of wtU-cype. mMmisfectBd. or bd^l-vnakatd cell 




WEHH J cdls stibly uiu&fe ct ed with human ox showed a maxi- 
nttl increase of 1 ^foU hi Tn mRN A compared to endo^m le^ 
oC mouse Tex mRNA. This reltrively tow level of overexpcenion is 
timilar w oar expeheiBx with tnr oansfectiott of moose 
and human MCF-7 breast cancer ceUs (16), suggesting diat higher 
leveb of uniegulated ox expnssioa may be toxic to cells. As deter- 
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mined by imniuiiofliKnesccni ftaining and confocal mtooscopy. die 
ffT-oinsfccted cells showed approxunsKdy Mold inaeased levels of 
fix. The findtng thai Tix is piesem in the cytoplasm and the mideits 
of cdU ooofinns an earlier tmiminohistocfaemtcal snidy using con- 
veniiooal light microseopy of cervical nrnior cells diat leponed cyto- 
plasmic, nuclear, or cyio|dasniic and ntidear localization of Trx (14). 
tbfa IS an impoitam observation becwse Tex inay be able to direcdy 
reduce redox-regulated nuclear transoipdon Uaan. such as AP-l 
(Fbsann beieroi&iier. i^. 91. If Trx on enter die nndeus. k may 
need other nuclear redox fum. such as Rgf-I/HAPI. as has been 
suggested (9). 

The rrx-trtnsfected cells were lesistam to apoptosis induced by 
dexametfaasoQc. Trx has been repoiied to be necessary fix asttmUy of 
die glucocontcoid receptor (8i. However, ghicoconicoid iccepaor 
activiiy was not decreased in the transfected cells, suggefiing dial die 
effects of Trx on apoptosis appear to lie downstream of die glncoeor^ 
ticoid receptor. The nx-transfected cells also showed icaisaDoe to 
apoptosis induced by naurasporine. etoposide, A^-aceiyl-sphtngosine, 
and thapsigargin. Exogenously added human Tlx has been icponed to 
inhibit apoptosis induced by nmior necrosis factor a m U937 human 
lymphoma ceUs (26). However, we found dut exogenously added 
human Tn did not proiea WEHn.2 cells against apoptosis induced 
by dexaroetbasone (27). Tumor necrosis factor a and dexametfaasone 
are diougfat to nigger apoptosis by differem signaUng padiways. h 
may also be d»t exogenous Tn is not taken up by WEHn.2 cdU. Wc 
have found thai odier mmor ceUs take up Trx poorly, if at all (12). 
Clearly, an increase in imniceUularTrx achieved by trmsfecdon of fnr 
in d>e presem snidy is associaied widi resistance of die WEHn.2 cells 
lo apoptosis induced by dexamediasone and odier agents. 

The pattern of resisunce to drug-induced apoptosis caused by trx 
transfcctioD is similar to that produced by transfeciion with the human 
pioto^cogene bcl-2. Bcl-2 is believed to exert its inhibitory effects 
upstream of the activation of the cysteine aspartate proteases cascade 
Icaspase) responsible for the final suges of apoptosis (28 K The 
proieoive effects of Bc1-2 against apoptosis have been suggested to 
involve an antioxidant mechanism (29). although this is disputed 
based on the ability of Bcl-2 to block apoptosis caused by agents that 
arc thought not to act by an oxidant mechanism (30) or caused by 
hypoxia f3lK Tbc antioxidants ^'-acctyl<ysleine. pyirolidine dithio- 
carbamate. Trolox la watcr-soluWc vitamin E analogue), and boty- 
Uicd hyOroxytolucnc protect rat thymocytes against drug-induced 
apoptosis (32. 33). We have previously reported that Trolox. catalase. 
and superoxide dismutase protect murine WEHI72 cclb against dex- 
aroeihasone-induccd apoptosis (27). It is intriguing. Uiciefore. diat rrx. 
a gene dui codes for a known redox*active protein, also inhibits 
apoptosis. The mechanism by which Trx inhibits apoptosb remains to 
be established, but lU pattern of amtapoptotic activity similar to Bcl-2 
\uggesu thai ii also may aa upstream of the cysteine praceases. 

WEH17.2 cells tiansfecied wrtih rrx fonmed tumors in scid mice dial 
grew consideiably faster dian lumon formed by die wiM-type parental 
celK or by 6r/-2-transfccted cells. This may be due. m pan. to a 
decrea^ rate of \ponianeoos apoptosis diat occuncd in die m- 
transfecicd cell tumors. High levels of Bcl-2 have been found In a 
wide variety of human cancers (34). Aldtough transfeciion widi Arf-2 
IS known to confer resistance 10 apopnisis induced by amicancer drugs 
and radiauon. the effecu of hel-2 on itmior giowdi are less clear. 
Transfeciion widi bel'2 gives a survival advanuge to cells in culture 
(35 1. Transgenic mice overexpressmg Bcl-2 under transcnptional 
regulation of the immunoglobulin heavy chain enhancer develop 
benign lymphoma that cveniually progresses to high-grade malignant 
diveasc t36i. This suggesu dui bci'2 also provides a Numva) advan- 
tage tn cells m ittv> but that an additional change, most frequently 
reamngemem of mvr (36). is necessary for tumor growth. Our .studies 
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ttsini .EHI?^ thymoma cells show thai bcl-l-tnastrntu 
fonned tumors that grew faster than tumors formed by wQdnype 
WEHI7^ cells. This may be due to a reducdon in the late of wpuh 
taneotts apoptoxii observed in the M-2-inuisfected cell tumon com- 
pared 10 the wiUkype turnmi. It was not posdbte to disdnguisfa a 
(fifference in die lates of spontaneous apqnosis between die fnc and 
^A2-transfected cdl mrnois. Paradoxically, die M-2-tzBnsfected ceU 
tumors sdQ diowed growds mhibition by higbHiose dexamedosooe 
treatment, as did wild-type cell tumors. Theie was no evidence for 
inaeased apoptosis caiised by dexamedmsone treatmem (tf wil^^ 
imnnifeaed, or M-2-lnBisfecied odl tunnn, so die poirildlity 
remains diat In deumediasone does nm iiddb^ 
vivo by a m ec h a nism that involves inaeasing die late of apoptosis. 

The results of diis study and our previous wok (16) sug^ dm die 
Tra system offers a novel target for agents to promote apoptosis and 
inhibit tumor growdi, as well as to reverse the drug resistance of some 
cancers. It is interesting, dterefoie* diat some l^midazcdyl disulfide 
inhibiiots of Tix (37) have been shown to induce apoptosis in cancer 
odls (38) and, in ammal sudies, to have andmmor effects (38). 

In summary, we have shown that transfection widi rrz. a gene found 
to be overex|nessed in a number of human cancers, can inhilnt 
apoptosis of cancer cdls in culture induced by a variety of agents, in 
a nhn al s . the rrr-transfected cancer cells show an increased growth, 
decreased spontaneous apoptosis, and decreased sensidvhy to tpop^ 
tosts induced by deumediasone. If similar effects occur in padem 
nimors, dien rnr could be a new human proto-oncogene. 
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Figure 2. Potentiation of lL-2 induced MCF-7 breast cancer cell growth by Cys73->Ser mutant 
thiorcdoxin. CeBs were growth arrested for 48 hr in medium with 0.^^^^ 
stimulated m the absence of medium whh either JL-l or Cys32-^Ser mutant tMoredoxin at the 
concentrations shown. Cdl number was measured after 48 hr. Eadi pomt is the mean of 3 
determinations and bars are S£. The dotted line shows sdmulation by 10% serum. 
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Figures. Inlubhton of tfaioredom stmn^ Cdl 
proliferatioii was measured as desofted in Figure 2. The concentrations of agents used were 
Cys73-»^Ser mutant tUoredoodn (Trx) 1 ^M; monoclonal antibocfies to FGF receptor, IL-2*receptor 
and£GF-recqnor4 ^gAnl;and£GF10iiM The EOF and E(SR were added as a negative control 
Vahies are the naeanofSde te n iinali ops and bars are SJB. The dotted line shows the effect of 10% 
serum alone. 
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Human thioiedoxin is a putative oncogene that may confer both a growth and survival 
advantage to tumor cells. Over-expressed duoredoxin mRNA has been found in bodi primaxy 
human lung and colorectal cancers. To determine the intratumor distribudon and amount of 
thioredoxin protein in human primary nimors and to determine if its overexpression is related to 
proliferation or apoptosis, we studied primary human gastric carcinoma samples. An 
immunohistochemical assay for thioredoxin in paiafiin embedded blodcs was devebped. We 
studied ten pauents with primary high risk gastric carcinoma. To relate thioredoxin protein 
overexpression to apoptosis we utilized a pandfin based in sim assay (Tunel) and to delineate 
proliferation we utilized the nuclear proliferation antigen detected by Ki67. In this survey we 
found thioredoxin was localized to tumor cells and overexpressed compared to normal gastric 
mucosa in 8 of 10 gastric carcinomas. The duoredoxin was found at high levels in S of the 8 
ov e r expre ssing carcinomas. The overexpression of diiaredoxin was typically found in both a 
nuclear and cytoplasmic location in the neoplastic cells. There was a significant positive correlation 
(P=0.0061) widi cancer cell proliferation measured by Ki67. There was a significant negative 
correlation (IM).0001) widi apoptosis measured by die Tunel assay. Thus,human primary gastric 
mmOTs that are hi^y expressive of duoredoxin have both a higher proliferative rate and a lower 
rate of spontaneous apoptosis than tumors that do not express thioredmiiL Whether this 
duoredoxin-related combined growth and survival advantage translates into poor cliiucal outcome 
remains to be determined. 
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Thioredoxins are low molecular wei^t redox proteins found in bodi pn3kaiyotic and 
eukaryodc cells (1). The cysteine (Cys) residues at the conserved -Cys-Gly-Pro-Cys-Lys active 
site of diioitdoxin undergo reversible oxidation-xeducdon catalyzed by the NADPH-dependent 
selenium containing flavoprotein thioredoodn reductase (2). Human thioxedoxin is an 1 1J5 kDa 
protein, widiZ7% amino acid identity to £.co£tduoredoxin. It contains 3 additional Cys residues 
not found in bacterial diioredoxin diat ^ve it unique biological properties (3). 

Thioxedoxin was first studied for its abili^ to act as reducing cofactor for ribonucleotide 
reductase, the first unique step in DNA synthesis (4). More recently thioredoxin has been shown 
to exert redox control over a number of transcripdon factors, including NF-KB (S), TFIHC (6), 
BZLFl (7), the glucocorticoid receptor (8) ani indirectly through another redox factor Ref-1, 
AP-1 (Fos/Iun heterodimer) (7). Thioredoxin modulates the binding of the transcripdon factors to 
DNA and thus, regulates gene transcripdon. 

Thioredoxin is also a growth factor with a unique mechanism of action. The predicted 
amino acid sequence of thioredoxin is identical to diat of a previously idend&d growdi factor 
secreted by HILV-l transformed leukemic ceU lines, called adult T-cell leukemia-derived factor 
(ADF) (3). ADF sdmulates growdi of lymphoid cells (9,10). We extended dicsc obsCTvarions and 
showed diat human recombinant thioredoxin stimulates die proliferation of normal fibroblasts and 
human solid tumor cancer cells even in die absence of serum (1 1, 12). It does diis by increasing 
die sensitivity of die cells to growdi factors secreted by die cells diemselves (13). For example 
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thiorcdoxin at nM concentrations, as arc found in human serum (14), increases the sensitivity of 
human breast cancer ccUs to interieukint2 (IL-2) and basic fibroblast growth factor (bFGF) by 
1000 and 100 fold, respccrivcly (unpublished observations). The term "voitociine", from the 
Greek "to help", has been coined to describe this growdi stimulating activity of thiorcdoxin (13)- 
Mutant rcdox-inactive forms of thiorcdoxin lacking the active site cysteine residues and £. coU 
duorcdoxin arc devoid of growth stimulating activity (12). Human thiorcdoxin is known to be 
secreted ftom cells by a leaderless secretory pathway (15) so diat it could be acting cxtraccllulariy 
to stimulate cancer cell growth. 



Our work has shown that thioredoxin is important for the growth, dcatii and transformed 
phenotype of some human cancers. Stable transfecrion of normal fibroblasts widi human 
tiuoredoxin cDNA (trx) increases their growth rate and transfecrion of human MCT-7 breast cancer 
cells with trx increases their colony formation in soft agarose (16). Transfecrion of the MCT-T 
cells with a dominant negative redox inactive mutant trx causes inhibition of colony fomiation and 
ahnostccmiplete inhibition of tumor formation when die cells were inoculate mice. Our 

recent studies have shown diat stable transfection of mouse thymoma cells with human trx inhibits 
apoptosis induced by a variety of agents including glucocorticoid, staurosporine, N- 
acety IsphingDsine, tiiapsigargin and etoposide, which is similar to the pattern of inhibition seen 
widi die anriapoptotic oncogene 6c/-2 in these cells (17). Vxctrx ffansfccted cells form tumors 
diat when inoculated in scid mice grow more rapidly and show less spomaneous apoptosis dian 
vector alone or 6c/-2 transfected cells, and are rcsistam to growdi inhibition by glucocorric^ 
These results suggest diat trx offers a survival as well as a growth advantage to tumors in vivo, 
unlike bcl'2 which offers only a survival advantage and requires odier genetic changes for tumor 
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We have previously reported that aknost half of human primary lung cancers we examined 
overcxprcss thioredoxin mRNA compared to normal lung tissue from the same subject (3). 
Recently we have found that more than half of human primary colorectal tumors have elevated 
levels of thioredoxin mRNA, up to over 100 fold for one subject, compared to normal colonic 
mucosa taken from within 5 cm of the mmor from die same subject (19). In these studies, 
however, diioredoxin mRNA was ^tracted from pieces of tumor and nothing is known of its 
intratumor distribution, or even if the increased diioredoxin mRNA leads to an increase in 
thioredoxin prcmn. It remains to be determined if thioredoxin overexpression is related to 
proliferation or apoptosis in human primary tumors. These are clearly importam questions that we 
now address in the current studies utilizing primary human gastric carcinoma samples. 

In the current smdy we sought to develop an assay for diioredoxin in paraffin embedded 
blocks allowing survey of human tumors in archival tissue banks. To diis end die Soudiwest 
Oncology Group (SWOG) Gastrdntestinal Biology Labcraiory made available a relevant archival 
paraffin block bank of gastric carcinomas. Furdiermore, to relate diioredoxin to apoptosis we also 
sought to refine a paiaffin-based in sim assay of apoptosis (20,21). Finally, to relate diioredoxin 
to prdifieradon, we utilized die previously developed assay of die nuclear proliferation antigen 
detected by Ki67 (22). 



Methods 
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Parient Samples : Paraffin blocks from ten gastric cairinoma reseciions were sw^ These 
pathology samples derived from ten patients on Southwest Oncology Group (SWOG) protocol 
9008 (also known as intergroup study Ml 16). This is a study of high risk gastric carcinoma 
comparing gastrectomy only versus gastrectomy plus adjuvant therapy. The padents ranging in 
age from 42 to 75; aU had previously untreated, sts^en to in B gastric carcinoma. They had 
biopsy proven adenocarcinoma of the stomach which had a high risk for recurrences due to 
evidence of carcinoma extension beyond die muscularis propria and/or having lymph node 
involvement Padents widi Stage O, lA or any stage with Ml were not eligible. As of December 
1996 diis smdy has accrued 486 patients. 

Immunohistochemistrv: Hve inicron thick sections were deparaffinized and then subjected to 
andgcn unmasking with one of two methods with heat plus citrate buffo: at pH 6.6 or microwave 
plus EDTA buffer at pH 8.0 as previously described (20^1). The best signal to noise rado was 
established by judging reacdvity with cell lines known to be a high expressor of thioredoxin (AS49 
human lung cancer) and a low expressor of thioredoxin (SK BR3 human breast cancer)(19). 

All tumor samples and control cell lines were stained using a standard immunohistochcmical 
method as previously described (20,21). To obviate biotin receptor reactivity, biotin-avidin 
blocking was perftmned firsL Then die primary antibody (polyclonal rabbit anti-human 
dtioredoxin) (19) was utilized at a titer of 1/200 after titration of control cell lines. The best signal 
to noise ratio was found following microwaving at pH 8.0 with EDTA buffer. Sections were 
treated with biotinylafied goat-anti-rabbit antibody and dien with avidin-pen>xidase complex, each 
for 30 nunutcs at 42*C in an automated immunostainer (VMS ES, Ventana Medical Systems, 
Tucson, Arizona) (20,21). Sections were counterstained witii methyl green, dehydrated, rinsed in 
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xylene and coversiipped. 

The degree of Aioredoxin expression in tumw cells was judged at 400x ms^ificarion as 4+ (very 
intensely posidve), 3+ (moderately intensely positive), 2+ (moderate). 1+ (feint), or 0 (completely 
negative) duoughout die sample. A single investigator (TO) was responsible for scoring all die 
samples. 

Additional immunohistochemical assays employed annbocfy to prolifBration anti^ns, Ki67 
(Ventana, Tucson, AZ), also using die biorin-avidin labelled mediod after avidin blocking 02). 
The degree of Ki67 staining, again juc^ at 4(X)x magnification, was classified as die percentage 
of nuclear positive tumor cells Usted as: absent (0). >0-5% (+), 6-25% (++), 26-50 (+++), >51% 
(++++). 

Apoptosis Assay : Apoptotic ccUs were detected utilizing die TUNEL assay (23, 24) adapted to an 
fl^itntnfttfrf in Sim hybridization instrument (gen II, Ventana Medical Systems, Inc.). The TUNEL 
assay utilizes recombinant terminal deoxynucleotidyl transferase (Tdt) (GTOCO BRL) for addm 

tumopdymer tails to die 3* ends of DNA whidi are more abundant in apofxo^ oells(23, 24). 
Biotin-16, 2*^xyuridine-5*-triphosphate (Biotin 16-dUtP) (Boehringer-Maraiheim, 
Tnrtiana pniis , IN) was die labcl used for terminal transferase in this DNA 3*-end labelling reaction. 
Avidin-Horseiadish Peroxidase and 33*-diaininobenadine as chromogen(23, 24). 

The instrument utilized deparafEinized sections wirii subsequent digestion with Protease I (Ventana 
Medical Systems Tucson, Az.) for 8 minutes VMSl). Incubations were performed per Ventana 
Gen n protocol on die instrument widi die final steps being as above using avidin-hoise radish 
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peroxidase and DAB detection method to visualize the apopiotic nuclei as an intense brown color 
(diaminobenzidine). As an enzyme control we utilized two sections from each tissue: one with Tdl 



enzyme and one without enzyme (negative control). 



The TUNEL assay result was scored by the number of brown - apoptocic tumor nuclei per high 
power field (400x objective). The values were: 0 (absence of apoptouc cells), + (>0-2/hpf), ++ 
(2-4/hpO, +++ (>4.8/hpf). ++++ (>8/hpO- , 

Statistical Analysis 

Thiotedoxin expression was conelated with Ki67 expression and widi ^x>ptosis measured by the 
TUNEL assay using Spearman's nonparametric rank correlation test 



Results 

The optimum signal to ndse ratio was found by using the following antigen retrieval conditions: 
nucrowaving at pH 8.0 in EDTA as tested by a high thiorcdoxin expressor (A 549) and low 
duoredoxin expressing (Sk BR3) cell line. 

Inununohistochenucal localization of thioredoxin (positive staining) was found in the tumor cells of 
8 of 10 gastric carcinoma samples (see table 1). Seven of these eight showed botfi nudear and 
cytoplasmic staining (see Figure 1). The two cases witii no tumor thioredoxin showed positive 



wo 98/24472 PCTAJS97/Z2292 

Staining in the adjacent normal mucosa and arc imponani controls, suggesting these are true, not 
falsc-negarive, mmors (see Figure 2). 

Among the eight thioredoxin positive gastric carcinomas diere was a range of posidvity firom faint 
(+) to intense (++++) widi five cases having high level thioredoxin (+++ to ++++) and three 
having low level (+ to ++) (sec Tabic I). 

In all samples dicre was die adjacent normal mucosa where die strongest staining was found in die 
gastric mucosal pits (++) while faint staining was found in die superficial mucosa (+). The 
localizadon differed based on site with gastric pits showing bodi nuclear and cytoplasmic staining 
while die middle mucosa had only cytoplasmic staining (see Figure 3). 

Increased levels of duoredoxin levels positively correlated widi increased ceil proliferation as 
measured by Ki67 expression (r=0.86U p=0.0061) and negatively correlated widi apbptosis as 
measured by die Tuncl assay (r=0.949. p=0.(X)01) (see table 1, and figures 4 and 5). 

Discussion 

An important aspect enabling dus study is die dcvetopment of two mediodolog^c refinements: (1) 
die use of heat-based antigen unmasking mediods to allow optimal* reliable measurement of 
duoredoxin by IHC in archival paraffin embedded tissues; and (2) adaptation of die Tdt based 
T1TTM T?T . ^jifgny tn an autrmaied procedure on an automated ipjiBi machine. The heat-based antigen 
optimization of IHC entailed heating die paraffin section in 5mM EDTA in 0.1 M TRIS, pH 8.0. 
The specificity of die reaction was assured by die finding of high positive signal in A549 human 
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lung caicinoma, a known Ugh level thioredoxin expressor as detennined by prior Western blotdng 
(19). SK BR3 breast carcinoma cells likewise served as low level expressor control also 
established by prior Western blotting. The gasoic tumor samples themselves also served as 
important posidve and negative, same-slide controls. In particular, within the ennrapped normal 
gastric mucosa gastric pits and mid-level mucosal ceils showed thioredoxin signal while surface 
mucosal cells were neganve. There was a clear difference in the subcellular k)calization of 
thioredoxin in normal positive gastric cells, die lower level cells in the pits showed cytoplasmic and 
scattered nuclear staining, while the higher mid-level graduation staining was typically lifter and 
restricted to the cytoplasm. The significance of this differential distributions is not known. 
Thioredoxin does not have a known nuclear localization sequence (3). From our IHC studies it is 
clear that diioredoxin is specifically located widiin neoplastic gastric carcinoma cells and not in 
stromal cells or admixed B or T lymphocytes or macrophages. The tumor ceU duoredoxin density 
typically exceeded that of the adjacent normal mucosa. The minimal background staining and 
strong signal to noise in all the samples, as illustrated in figures 1-S, demonstrate the refinement of 
the thioredoxin paraffin assay we have developed. 

In dus survey of 10 primary human gastric carcinomas we have determined die extent of 
duoredoxin overexpression and detennined its k)calization and its relationship to proliferation and 
cell survival (apoptosis) stams. We found duotdoxin is overexpressed, compared to normal 
gastric mucosa, in the malignant cells of 8 of 10 gastric carcinomas. The thioredoxin protein was 
found at high levels in five of the eight overexpression carcinomas. The esqnession was typically 
found in bodi a nuclear and cytoplasmic location in tte neoplastic cells. There was a significant 
positive correlation (p<0.01) between increased levels of thioredoxin expression and cell 
proliferation measured by Kifi7 expression. There was also a significant negative correlation 
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(p<0.0001) between increased levels of thioredoxin and apoptosis measured by the TUNEL assay. 
Thus, human primazy gasaic tumors highly expressive of thioiedoxin have both a higher 
proliierative rate and a lower rate of spontaneous apoptosis than tumors with absent or low 
thioredoxin (see figure 4). This finding is consistent with our experimental observation that the 
stable transfecQon of mouse WEHr7.2 cells with human wild type thioredoxin leads to increased 
tumor growth rate in vivo associated with a decreased rate of spontaneous ^optosis (17). We 
have also found that tnmsfiBction of human MCF-7 breast cancer cells with a dominant-negative 
redox inactive mutant thioredoxin inhibits vamac growth in vivo (18). Thus, overexpression €i 
diioredoxin in gastric carcinoma is associated widi increased cell growth and cell survival ^ving 
the cells doubly immortalizing properties. Whether this will translate in patients into more 
aggressive tumor growth, as seen in animals with thioredoxin transfected tumor cells, and a poor 
prognosis remains to be determined 

There have been 2 repents of the immunohistochemical distribution of thioredoxin in human 
primary tumors. Fujii et al (25) reported that, while the squamous and glandular cells of nonnal 
human cervix showed no diioredoxin IHC, the intermediate and superficial layers of cervical 
squamous neoplastic tissue, as well as invasive squamous cell carcinoma showed cytoplasmic and 
nuclear staining for tiuoredoxin. Astucfyby Kawahaxaero/ Q6) has reported enhanced 
expression of thioredoxin in human hepatocellular carcinoma compared to adjacent nra-canceroos 
liver, with both a nuclear and cytoplasntic localization of die staining. Thus, thioredoxin 
overe x pre s sion appears to be a common phenomenon among a diversity of human neoplasms. 

Future stodies are required to confinn the relationship between thioredoxin overexpression, 
increased gastric cancer prolifieration and increased cell survival Our newly developed ability to 
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simultaneously perform combined TUNEL and IHC assays on a single tissue section should allow 
more precise definidon of the leladonship of thioredoxin to cell proliferadon or cell death, since the 
phenotype of individual apoptodc or pioliferadve cells may now be discerned by these double 
labelled assays. 

Finally, we anticipate correlanve clinical smdies to relate thioredoxin expression, Ki67 and 
apoptosis index to pathogenic grack, response to chemotherapy, disease &ee survival or overall 
survival thus defiiung the impaa of thioredoxin on human carcinomas. Our patient data on the 
SWCX3 9008 (Intergroup 01 16) snidy of high risk gastric carcinomas which is now ongoing and 
has accrued 486 gastric carcinoma patients would seem to be the ideal padent cohort to study. 
Now that we have developed parafBn-based assays for thioredoxin, Ki67 and Tdt apoptosis by the 
Tunel assay in a standardized optimized manner, the full clinical study testing the clinical impaa of 
diioredoxin is now feasible. 
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Table 1. 

Gastrointestinal Carcinoma Staining Results 



Case # 


Thinredoxin 
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3. 
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+++ 
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1 » i * 
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++ ++ 
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++ ++ 


NE 
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NE s not evaluable 
* = gastric pits 
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Figure Legends 



L Thioiedoxin positive gastric carcinoma (Case 2) 

A. The hematoxylin and eosin stains (left, upper and lower panels) reveal a pleomorphic 

carcinoma invading the gastric waU. 

B. The diioredoxin expression (right upper and lower panels) is present in both the nuclei 

and cytoplasm of tumor ceUs in malignant glands and in rare associated leucocytes. 
Thioredoxin expression is absent in the adjacent stroma ( l(X)x to 40Qx). 

Z Thioedoxin negative gastric carcinoma (Case 8) 

A. Upper left: gasoic carcincmia widi complex glands in lower field of view with 

ovc^ying normal gastric mucosa and submucosa. Hematoxylin and eosin (l(X)x). 

B. Lower lefb same secdon as (A), negative control stained after biotin-avidin block to 

elnninate biotin receptor aflfect and stained with substituted irrelevant isotype 
matched monoclonal antibody (lOOx, Diaminobenzidine). 

C. Upper right: same section as (A) and (B) showing faint reactivity in normal upper 

mucosa (+), moderate reactivity in the submucosa (++) and the underiying gastric 
carcinoma appears negative for thioredoxin (0) (lOOx). 

D. Lower righc higher magnification of (C^ showing detail with gastric pit cells having 

both nuclear and cytoplasmic stain and absent tumor staining (2SQx); 

3. Normal gastric mucosa - tluoredoxin and Ki67 (proliferation antigen) expression 

A. Upper left: normal gastrk mucosa and gasuic pits widi underiying muscularis propria 

hematoxylin and eosin (lCX)x). 

B. Upper right: same section as (A) stained for thioredoxin with faint (+) mucosal 

staining and moderate (++) gastric pit staining (lOCbc). 
C Lower left: same section as (B) at hi^ier magnification. Note the faint mucosal 

staining is solely cytoplasmic, while lower lying gastric pit cells are bodi 

cytoplasmic and nuclear (250k). 
D. Lowerright: nuclear Ki67 expression notable in lower mucosa and tipper gastric pits 

(25(»x). 

4. Thioredoxin intense gastric cardnonu related to strtmg prolific 
(Case 4) 

A. Upper left: Complex adenocarcinoma cell glands (40()x, hematoxylin and eosin) 

B. Upper ri^n Intense dtimdoxin expression in gastric carcinoma cells (40(hi) 

C Lower left: A high percentage of Ki67 positive cells indicating high proliferation 
(400x). 

D. Lower ri^t: A rare Tdt+*apoptotic cell indicating weak apoptosis(Tunei assay, 
4(X)x, same slicte). 

5. Thioredoxin negative gastric carcinoma related to weak proliferation and strong apoptosis 
(Case 6) 

A. Upper left: C!omptex adcnocarcinonm glands (4(X)x, heinatoxy^ 

B. Upper ri^t: Absent thioredoxin expression (400x). 

C Lower left: A low percentage of Ki67 positive cells indicating a low prolifoative rate 
(400x). 
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D. Lower right- A veiy high Tdi+ apopioric ceU rate indicating strong apopiosis (TUNEL 
assay, 400x, same slide). 
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All of the various publications cited above are hereby incorporated by 
reference in their entireties. 
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I CLAIM: 

1 . A method of inhibiting tumor cell growth in a tumor cell that over-expresses 
tfaioredoxin comprising contacting said tumor cell with a cell growth inhibiting effective 
amount of an inhibitor of thioredoxin expression. 

2. A method of reducing inhibition of apoptosis in tumor cells that over-express 
thioredoxin comprising contacting said tumor cells with an effective amoxmt of an agent that 
inhibits thioredoxin. 

3. A method of identifying an agent that inhibits tumor cell growth in cells that 
over-express thioredoxin comprising 

measuring thioredoxin expression in a first sample of said cells; 
contacting a second sample of said cells with an agent to be tested; 
measuring expression of thioredoxin in said second sanq)le; 
comparing expression of thioredoxin in said first sample and said second 

sample; 

whereby a decrease in expression of thioredoxin in said second sample is 
indicative of an agent that inhibits tumor cell growth. 

4. A method of identifying an agent that reduces inhibition of apoptosis in a 
tumor cell that over-expresses thioredoxin comprising 

measuring thioredoxin expression in a first sample of said cells; 
contacting a second sample of said cells with an agrat to be tested; 
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measuring expression of thioredoxin in said second sample; 
comparing expression of thioredoxin in said first sample and said second 

sample; 

whereby a decrease in expression of thioredoxin in said second sample is 
indicative of an agent tiiat reduces inhibition of ^ptosis. 

5. A method of identifying an agent fliat reduces inhibition of apoptosis in a 
tumor cell growth. 

6. A method of stunulating cell growth comprising introducing a nucleic acid 
^coding a human thioredoxin having Ser at amino acid reside 73 under conditions whereby 
said nucleic acid is expressed. 

7. A conq)osition comprising an agent that is useful in reducing or eliminating 
thioredoxin-associated apoptosis inhibition and an acceptable carrier. 

8. A composition comprising an agent that is useful in inhibiting thioredoxin 
stimulated cell growth and an acceptable carrier. 
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